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(57) ABSTRACT

A negative pattern is formed by applying a resist composition
onto a substrate, prebaking, exposing to high-energy radia-
tion, PEB, and developing the exposed resist film in an
organic solvent developer to dissolve the unexposed region of
resist film. The resist composition comprising a polymer
adapted to form a lactone ring under the action of an acid so
that the polymer may reduce its solubility in an organic sol-
vent displays a high dissolution contrast. A fine hole or trench
pattern can be formed therefrom.

13 Claims, 1 Drawing Sheet
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PATTERNING PROCESS, RESIST
COMPOSITION, POLYMER, AND MONOMER

CROSS-REFERENCE TO RELATED
APPLICATION

This non-provisional application claims priority under 35
U.S.C. §119(a) on Patent Application No. 2013-005982 filed
in Japan on Jan. 17, 2013, the entire contents of which are
hereby incorporated by reference.

TECHNICAL FIELD

This invention relates to a radiation-sensitive chemically
amplified resist composition which is advantageously used in
the micropatterning lithography using a variety of radiations
including deep-UV, typically KrF and ArF excimer lasers,
extreme ultraviolet (EUV), x-ray, typically synchrotron
radiation, and charged particle beam, typically electron beam,
and a pattern forming process using the same. More particu-
larly, it relates to a pattern forming process involving expo-
sure of resist film, modification of base resin by chemical
reaction with the aid of acid and heat, and development in an
organic solvent to form a negative tone pattern in which the
unexposed region is dissolved and the exposed region is not
dissolved; a resist composition for use in the process; a poly-
mer; and a monomer.

BACKGROUND ART

In the recent drive for higher integration and operating
speeds in LSI devices, the pattern rule is made drastically
finer. The photolithography which is currently on widespread
use in the art is approaching the essential limit of resolution
determined by the wavelength of a light source. As the light
source used in the lithography for resist pattern formation,
g-line (436 nm) or i-line (365 nm) from a mercury lamp was
widely used in 1980’s. Reducing the wavelength of exposure
light was believed effective as the means for further reducing
the feature size. For the mass production process of 64 MB
dynamic random access memories (DRAM, processing fea-
ture size 0.25 um or less) in 1990’s and later ones, the expo-
sure light source of i-line (365 nm) was replaced by a KrF
excimer laser having a shorter wavelength of 248 nm. How-
ever, for the fabrication of DRAM with a degree of integration
of 256 MB and 1 GB or more requiring a finer patterning
technology (processing feature size 0.2 um or less), a shorter
wavelength light source was required. Over a decade, photo-
lithography using ArF excimer laser light (193 nm) has been
under active investigation. It was expected at the initial that
the ArF lithography would be applied to the fabrication of
180-nm node devices. However, the KrF excimer lithography
survived to the mass-scale fabrication of 130-nm node
devices. So, the full application of ArF lithography started
from the 90-nm node. The ArF lithography combined with a
lens having an increased numerical aperture (NA) of 0.9 is
considered to comply with 65-nm node devices. For the next
45-nm node devices which required an advancement to
reduce the wavelength of exposure light, the F, lithography of
157 nm wavelength became a candidate. However, for the
reasons that the projection lens uses a large amount of expen-
sive CaF, single crystal, the scanner thus becomes expensive,
hard pellicles are introduced due to the extremely low dura-
bility of soft pellicles, the optical system must be accordingly
altered, and the etch resistance of resist is low; the develop-
ment of F, lithography was stopped and instead, the ArF
immersion lithography was introduced.
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In the ArF immersion lithography, the space between the
projection lens and the wafer is filled with water having a
refractive index of 1.44. The partial fill system is compliant
with high-speed scanning and when combined with a lens
having a NA of 1.3, enables mass production of 45-nm node
devices.

One candidate for the 32-nm node lithography is lithogra-
phy using extreme ultraviolet (EUV) radiation with wave-
length 13.5 nm. The EUV lithography has many accumula-
tive problems to be overcome, including increased laser
output, increased sensitivity, increased resolution and mini-
mized edge roughness (LER, LWR) of resist film, defect-free
MoSi laminate mask, reduced aberration of reflection mirror,
and the like.

Another candidate for the 32-nm node lithography is high
refractive index liquid immersion lithography. The develop-
ment of this technology was stopped because LUAG, a high
refractive index lens candidate had a low transmittance and
the refractive index of liquid did not reach the goal of 1.8.

The organic solvent development to form a negative pattern
is a traditional technique. A resist composition comprising
cyclized rubber is developed using an alkene such as xylene
as the developer. An early chemically amplified resist com-
position comprising poly(tert-butoxycarbonyloxystyrene) is
developed with anisole as the developer to form a negative
pattern.

Recently a highlight is put on the organic solvent develop-
ment again. It would be desirable if a very fine hole pattern,
which is not achievable with the positive tone, is resolvable
through negative tone exposure. To this end, a positive resist
composition featuring a high resolution is subjected to
organic solvent development to form a negative pattern. An
attempt to double a resolution by combining two develop-
ments, alkaline development and organic solvent develop-
ment is under study.

As the ArF resist composition for negative tone develop-
ment with organic solvent, positive ArF resist compositions
of the prior art design may be used. Such pattern forming
processes are described in Patent Documents 1 to 3. These
patent documents disclose resist compositions for organic
solvent development comprising a copolymer of hydroxyada-
mantane methacrylate, a copolymer of norbornane lactone
methacrylate, and a copolymer of methacrylate having acidic
groups including carboxyl, sulfo, phenol and thiol groups
substituted with two or more acid labile groups, and pattern
forming processes using the same.

Further, Patent Document 4 discloses a process for forming
a pattern through organic solvent development in which a
protective film is applied onto a resist film. Patent Document
5 discloses a topcoatless process for forming a pattern
through organic solvent development in which an additive is
added to a resist composition so that the additive may segre-
gate at the resist film surface after spin coating to provide the
surface with improved water repellency.

CITATION LIST

Patent Document 1: JP-A 2008-281974
Patent Document 2: JP-A 2008-281975
Patent Document 3: JP 4554665

Patent Document 4: JP-A 2008-309878
Patent Document 5: JP-A 2008-309879

DISCLOSURE OF INVENTION

As compared with the positive resist system which
becomes dissolvable in alkaline developer as a result of acidic
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carboxyl or analogous groups generating through deprotec-
tion reaction, the organic solvent development provides a low
dissolution contrast. The alkaline developer provides an alka-
line dissolution rate that differs by a factor of 1,000 or more
between the unexposed and exposed regions whereas the
organic solvent development provides a dissolution rate dif-
ference of only about 10 times. While Patent Documents 1 to
5 describe conventional photoresist compositions of the alka-
line aqueous solution development type, there is a demand for
a novel material which can offer a significant dissolution
contrast upon organic solvent development. That is, a strong
demand exists for a material capable of providing the unex-
posed region of promoted dissolution and the exposed region
of retarded dissolution in an organic solvent developer.

An object of the invention is to provide a pattern forming
process involving organic solvent development for forming a
negative tone pattern having a significant dissolution contrast
between the unexposed region of promoted dissolution and
the exposed region of retarded dissolution. Another object is
to provide a resist composition for use in the process; a
polymer; and a monomer.

The inventors have found that the dissolution contrast dur-
ing organic solvent development is improved using a polymer
adapted to form a lactone ring under the action of an acid so
that the polymer may reduce its solubility in an organic sol-
vent.

In one aspect, the invention provides a pattern forming
process comprising the steps of applying a resist composition
comprising a polymer adapted to form a lactone ring under
the action of an acid so that the polymer may reduce its
solubility in an organic solvent, and an optional acid genera-
tor onto a substrate, prebaking the composition to form a
resist film, exposing the resist film to high-energy radiation,
baking, and developing the exposed film in an organic sol-
vent-based developer to form a negative pattern wherein the
unexposed region of resist film is dissolved away and the
exposed region of resist film is not dissolved, the polymer
comprising recurring units (al) of the general formula (1).

M

H R!
( )
H 0
0
OR?
R?0
R*O
0

Herein R" is hydrogen or methyl, R? is hydrogen or a straight,
branched or cyclic monovalent hydrocarbon group of 1 to 20
carbon atoms in which a constituent —CH,— may be sub-
stituted by —O— or —C(—=0)—, R? is an acid labile group,
R* is hydrogen or a straight, branched or cyclic monovalent
hydrocarbon group of 1 to 20 carbon atoms in which a con-
stittient —CH,— may be substituted by —O— or
—C(—0)—, and al is a number in the range: 0<al<1.0.

In one preferred embodiment, the polymer further com-
prises recurring units (a2) of the general formula (2) and
recurring units of at least one type selected from recurring
units (b1) to (b4) represented by the general formula (3).
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Herein R'° is hydrogen or methyl, R'* is an acid labile group
different from the acid labile group R in formula (1), X> is a
single bond, phenylene, naphthylene, or —C(—0)—0—
R'>—, R'?is a straight, branched or cyclic C,-C,, alkylene
group which may have an ether moiety, ester moiety, lactone
ring or hydroxyl moiety, or phenylene or naphthylene group,
and 0=a2<1.0.

&)

RS R!6
]
bl b2
ORY7
(l) O n
RI4
\(ORIS),,, RIS R2!
RI® R20
b4
RZZ
R23
R2
R

Herein R'? and R'® each are hydrogen or methyl, R'* is a
straight, branched or cyclic, di- to pentavalent aliphatic
hydrocarbon group of 1 to 16 carbon atoms which may have
an ether or ester moiety, R'> and R'7 each are an acid labile
group, R'® to R?! and R*? to R*® are each independently
hydrogen, cyano, a straight, branched or cyclic C,-C alkyl
group, alkoxycarbonyl, or a group having an ether moiety or
lactone ring, at least one of R*® to R*! and R?? to R** has a
hydroxyl group substituted with an acid labile group, m is an
integer of 1 to 4, nis O or 1, b1, b2, b3 and b4 are numbers in
the range: 0=b1<1.0, 0=b2<1.0, 0=b3<1.0, 0=<b4<1.0, O<b1+
b2+b3+b4<1.0, and 0<a2+b1+b2+b3+b4<1.0.

In one preferred embodiment, the polymer further com-
prises recurring units derived from a monomer having an
adhesive group selected from among hydroxyl, cyano, carbo-
nyl, ester, ether, lactone ring, carboxyl, carboxylic anhydride,
sulfonic acid ester, disulfone, and carbonate.

In one preferred embodiment, the polymer further com-
prises recurring units (d1), (d2) or (d3) represented by the
following general formula:

(d1)
RO20

ROZ 1

R022 —Gt— R023
M-
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-continued

(d2)
RO24

fo) (0] ROZS

SOy SY—R02%6
F;C -
R027

(d3)

wherein R%*°, R°**, and R°*® each are hydrogen or methyl;
R%*! is a single bond, phenylene, —O—R%*— or
—C(=0)—Y—R%>— wherein Y is oxygen or NH and
R33 is a straight, branched or cyclic C,-C alkylene group,
alkenylene group or phenylene group, which may contain a
carbonyl (—CO—), ester (—COO—), ether (—0O—), or
hydroxyl moiety; RO22 RO23 RO25 RO26 RO27 RO RO30
and R%*! are each independently a straight, branched or cyclic
C,-C,, alkyl group which may contain a carbonyl, ester or
ether moiety, a C4-C, , aryl group, a C,-C,, aralkyl group, or
a thiophenyl group; Z' is a single bond, methylene, ethylene,
phenylene, fluorinated phenylene, —O—R%*—, or
—C(=0)—Z>—R°*—, wherein Z* is oxygen or NH, and
R3? is a straight, branched or cyclic C,-C alkylene group,
alkenylene group or phenylene group, which may contain a
carbonyl, ester, ether or hydroxyl moiety; M~ is a non-nu-
cleophilic counter ion; 0=d1=<0.3, 0=d2<0.3, 0=d3=0.3,
0<d1+d2+d3=<0.3.

In one preferred embodiment, the developer comprises at
least one organic solvent selected from among 2-octanone,
2-nonanone, 2-heptanone, 3-heptanone, 4-heptanone, 2-hex-
anone, 3-hexanone, diisobutyl ketone, methylcyclohex-
anone, acetophenone, methylacetophenone, propyl acetate,
butyl acetate, isobutyl acetate, amyl acetate, isoamy] acetate,
butenyl acetate, propyl formate, butyl formate, isobutyl for-
mate, amyl formate, isoamyl formate, methyl valerate,
methyl pentenoate, methyl crotonate, ethyl crotonate, methyl
propionate, ethyl propionate, ethyl 3-ethoxypropionate,
methyl lactate, ethyl lactate, propyl lactate, butyl lactate,
isobutyl lactate, amyl lactate, isoamyl lactate, methyl 2-hy-
droxyisobutyrate, ethyl 2-hydroxyisobutyrate, methyl ben-
zoate, ethyl benzoate, phenyl acetate, benzyl acetate, methyl
phenylacetate, benzyl formate, phenylethyl formate, methyl
3-phenylpropionate, benzyl propionate, ethyl phenylacetate,
and 2-phenylethy] acetate.

In one preferred embodiment, the step of exposing the
resist film to high-energy radiation includes KrF excimer
laser lithography of 248 nm wavelength, ArF excimer laser
lithography of 193 nm wavelength, EUV lithography of 13.5
nm wavelength or EB lithography.

Another embodiment is a pattern forming process compris-
ing the steps of applying a resist composition comprising a
polymer comprising recurring units of formula (1), an
optional acid generator, and an organic solvent onto a sub-
strate, prebaking the composition to form a resist film, form-
ing a protective film thereon, exposing the resist film to high-
energy radiation, baking, and developing the exposed film in

10

15

20

25

30

35

40

45

50

55

60

65

6

an organic solvent-based developer to form a negative pattern
wherein the unexposed region of resist film and the protective
film are dissolved away and the exposed region of resist film
is not dissolved.

In a second aspect, the invention provides a negative pat-
tern-forming resist composition comprising a polymer and an
organic solvent, the polymer comprising recurring units (al)
of'the above formula (1) and being dissolvable in a developer
selected from among 2-octanone, 2-nonanone, 2-heptanone,
3-heptanone, 4-heptanone, 2-hexanone, 3-hexanone,
diisobutyl ketone, methylcyclohexanone, acetophenone,
methylacetophenone, propyl acetate, butyl acetate, isobutyl
acetate, amyl acetate, isoamy] acetate, butenyl acetate, propyl
formate, butyl formate, isobutyl formate, amyl formate,
isoamyl formate, methyl valerate, methyl pentenoate, methyl
crotonate, ethyl crotonate, methyl propionate, ethyl propi-
onate, ethyl 3-ethoxypropionate, methyl lactate, ethyl lactate,
propyl lactate, butyl lactate, isobutyl lactate, amyl lactate,
isoamyl lactate, methyl 2-hydroxyisobutyrate, ethyl 2-hy-
droxyisobutyrate, methyl benzoate, ethyl benzoate, phenyl
acetate, benzyl acetate, methyl phenylacetate, benzyl for-
mate, phenylethyl formate, methyl 3-phenylpropionate, ben-
zyl propionate, ethyl phenylacetate, and 2-phenylethyl
acetate.

The polymer may further comprise recurring units (a2) of
the above formula (2) and recurring units of at least one type
selected from recurring units (b1) to (b4) represented by the
above formula (3). The polymer may further comprise recur-
ring units derived from a monomer having an adhesive group
selected from the group consisting of hydroxyl, cyano, car-
bonyl, ester, ether, lactone ring, carboxyl, carboxylic anhy-
dride, sulfonic acid ester, disulfone, and carbonate. The poly-
mer may further comprise recurring units (d1), (d2) or (d3)
represented by the above formula.

In a third aspect, the invention provides a polymer com-
prising recurring units (al) of the above formula (1) and
having a weight average molecular weight of 1,000 to 100,
000.

In a fourth aspect, the invention provides a monomer hav-
ing the general formula (1a):

(1a)

OR?
R?°0
R*0
o)

wherein R! to R* are as defined above.
Advantageous Effects of Invention

In a lithography process involving exposure, PEB and
organic solvent development, a resist composition compris-
ing a polymer adapted to form a lactone ring under the action
of an acid displays a high dissolution contrast. A fine hole or
trench pattern can be formed at a high degree of size control
and a high sensitivity.
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BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a cross-sectional view of a patterning process
according one embodiment of the invention. FIG. 1A shows a
photoresist film disposed on a substrate, FIG. 1B shows the
resist film being exposed, and FIG. 1C shows the resist film
being developed in an organic solvent.

DESCRIPTION OF EMBODIMENTS

The terms “a” and “an” herein do not denote a limitation of
quantity, but rather denote the presence of at least one of the
referenced item. As used herein, the notation (C,-C,,) means
a group containing from n to m carbon atoms per group. As
used herein, the term “film” is used interchangeably with
“coating” or “layer.”

The abbreviations and acronyms have the following mean-
ing.

Mw: weight average molecular weight

Mn: number average molecular weight

Mw/Mn: molecular weight distribution or dispersity

GPC: gel permeation chromatography

PEB: post-exposure bake

PAG: photoacid generator

Me: methyl

Briefly stated, the invention pertains to a pattern forming
process comprising the steps of applying a resist composition
comprising a polymer adapted to form a lactone ring under
the action of an acid so that the polymer may reduce its
solubility in an organic solvent, an optional acid generator
and an organic solvent onto a substrate, prebaking to form a
resist film, exposing to high-energy radiation for letting the
acid generator (or acid-generating recurring unit) generate an
acid and the polymer form a lactone ring, for thereby reducing
the solubility of the exposed region in an organic solvent-
based developer, PEB, and developing in an organic solvent-
based developer to form a negative pattern. The invention also
pertains to a resist composition, a polymer, and a monomer.

It is generally known that lactone ring-containing poly-
mers are less soluble in organic solvents. The polymer used in
the pattern forming process of the invention is designed such
that, under the action of the generated acid, it may form a
lactone ring selectively in the exposed region and thus reduce
its solubility in organic solvents. This ensures that the film
remains as a pattern. A change of lactone content before and
after exposure brings about a substantial difference in disso-
Iution rate, achieving a high dissolution contrast upon organic
solvent development.

Great efforts are currently made to apply organic solvent
development to ArF resist compositions. In these ArF resist
compositions, lactone units are incorporated into the base
resin in as large a proportion as 30 to 60 mol % in order to
ensure the adhesion of pattern to substrate. This restricts the
solubility of the base resin itself in organic solvents and
makes it essentially difficult to provide the unexposed region
with the desired high dissolution rate. By contrast, the poly-
mer used in the pattern forming process of the invention is
characterized in that a lactone ring is newly formed in the
exposed region where the film is to be left as pattern and
contributes to substrate adhesion. This enables to reduce the
amount of lactone initially introduced into the base resin and
is effective in enhancing the dissolution rate of the base resin
in the unexposed region.

The recurring unit adapted to form a lactone ring under the
action of an acid so that its solubility in an organic solvent
may lower is a recurring unit (al) having the general formula

).
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H R
( )
H 0
0
OR?
R?0
R*O
e}

Herein R* is hydrogen or methyl. R? is hydrogen or a straight,
branched or cyclic monovalent hydrocarbon group of 1 to 20
carbon atoms in which a constituent —CH,— may be sub-
stituted by —O— or —C(=0)—. R? is an acid labile group.
R* is hydrogen or a straight, branched or cyclic monovalent
hydrocarbon group of 1 to 20 carbon atoms in which a con-
stittent —CH,— may be substituted by —O— or
—C(—0)—, and al is a number in the range: 0<al<1.0.

It is presumed that the recurring unit (al) having formula
(1) forms a lactone ring under the action of an acid according
to the following schemes wherein R', R?, R®, R* and al are as
defined above.

H R! H R!
( )al ( )al
H 0 H 0
0 0
OR? acid > OR? acid
/
R?0 HO
R*O R*O
e} o}
L (1-1)
H R!
( )al
H 0
0
OR?
0,
0
(1-2)

In formula (1), suitable monovalent hydrocarbon groups
represented by R? and R* include groups of the general for-
mulae (R1-1) and (R1-2), tertiary alkyl groups of 4 to 15
carbon atoms, trialkylsilyl groups in which each alkyl moiety
has 1 to 5 carbon atoms, oxoalkyl groups of 4 to 15 carbon
atoms, and acyl groups of 1 to 10 carbon atoms.
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R
.- _% —ORZ03
RLOZ
®R1-2)
o}
----- (CHy),— C—OR™

In these formulae, the broken line denotes a valence bond.
In formula (R1-1), R*®! and R*°* each are hydrogen or a
straight, branched or cyclic alkyl group of 1 to 18 carbon
atoms, preferably 1 to 10 carbon atoms. Exemplary alkyl
groups include methyl, ethyl, propyl, isopropyl, n-butyl, sec-
butyl, tert-butyl, cyclopentyl, cyclohexyl, 2-ethylhexyl, n-oc-
tyl, norbornyl, tricyclodecanyl, tetracyclododecanyl, and
adamantyl. R*®* is a monovalent hydrocarbon group of 1 to
18 carbon atoms, preferably 1 to 10 carbon atoms, which may
contain a heteroatom such as oxygen, examples of which
include straight, branched or cyclic alkyl groups and substi-
tuted forms of such alkyl groups in which some hydrogen
atoms are replaced by hydroxyl, alkoxy, oxo, amino, alky-
lamino or the like or which are separated by ether oxygen.
Suitable straight, branched or cyclic alkyl groups are as exem-
plified for R*®! and R*“?, and suitable substituted alkyl
groups are shown below.

NN N

NN

‘\O\/OH /"\/O\/\OH
Pl O O

"'\/\/\/OH ' \Qf

A pair of R¥®! and R*92, R*®! and R, or R%°? and R***
may bond together to form a ring with the carbon and oxygen
atoms to which they are attached. Each of RZ%!, R*°? and R*°?
is a straight or branched alkylene group of 1 to 18 carbon
atoms, preferably 1 to 10 carbon atoms when they form a ring.

In formula (R1-2), R¥%* is a tertiary alkyl group of 4 to 20
carbon atoms, preferably 4 to 15 carbon atoms, a trialkylsilyl
group in which each alkyl moiety has 1 to 6 carbon atoms, an
oxoalkyl group of 4 to 20 carbon atoms, or a group of formula
(RI-1).

Exemplary tertiary alkyl groups represented by R*** are
tert-butyl, tert-amyl, 1,1-diethylpropyl, 2-cyclopentylpro-
pan-2-yl, 2-cyclohexylpropan-2-yl, 2-(bicyclo[2.2.1]heptan-
2-yl)propan-2-yl, 2-(adamantan-1-yl)propan-2-yl, 1-ethyl-
cyclopentyl, 1-butylcyclopentyl, 1-ethylcyclohexyl,
1-butylcyclohexyl, 1-ethyl-2-cyclopentenyl, 1-ethyl-2-cy-
clohexenyl, 2-methyl-2-adamantyl, and 2-ethyl-2-adaman-
tyl. Exemplary trialkylsilyl groups are trimethylsilyl, trieth-
ylsilyl, and dimethyl-tert-butylsilyl. Exemplary oxoalkyl
groups are 3-oxocyclohexyl, 4-methyl-2-oxooxan-4-yl, and
5-methyl-2-oxooxolan-5-yl. Exemplary acyl groups include
formyl, acetyl, ethylcarbonyl, pivaloyl, methoxycarbonyl,
ethoxycarbonyl, tert-butoxycarbonyl, trifluoroacetyl, and
trichloroacetyl. Letter y is an integer of 0 to 6.

Of the protective groups having formula (R1-1), the
straight or branched groups are exemplified by the following.
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Of the protective groups of formula (R1-1), the cyclic ones
are, for example, tetrahydrofuran-2-yl, 2-methyltetrahydro-
furan-2-yl, tetrahydropyran-2-yl, and 2-methyltetrahydropy-
ran-2-yl.

Examples of the protective groups of formula (R1-2)
include tert-butoxycarbonyl, tert-butoxycarbonylmethyl,
tert-amyloxycarbonyl, tert-amyloxycarbonylmethyl, 1,1-di-
ethylpropyloxycarbonyl, 1,1-diethylpropyloxycarbonylm-
ethyl, 1-ethyl cyclopentyloxycarbonyl, 1-ethylcyclopenty-
loxycarbonylmethyl, 1-ethyl-2-cyclopentenyloxycarbonyl,
1-ethyl-2-cyclopentenyloxycarbonylmethyl, 1-ethoxy-
ethoxycarbonylmethyl,  2-tetrahydropyranyloxycarbonyl-
methyl, and 2-tetrahydrofuranyloxycarbonylmethyl.

The acid labile group represented by R in formula (1) will
be described later.

Examples of the recurring unit having formula (1) are
shown below wherein R' is hydrogen or methyl.
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In addition to the recurring units (al) mentioned above, the
polymer serving as base resin in the resist composition may
have further copolymerized therein recurring units (a2) hav-
ing the general formula (2).
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Herein R*° is hydrogen or methyl. R** is an acid labile group
different from the acid labile group R in formula (1). X*is a
single bond, phenylene, naphthylene, or —C(—0)—0—
R'2— wherein R'? is a straight, branched or cyclic C,-C,,
alkylene group which may have an ether moiety, ester moiety,
lactone ring or hydroxyl moiety, or a phenylene or naphthyl-
ene group, and a2 is a number in the range: 0=a2<1.0.

When X? stands for a C,-C,, alkylene group which may
have an ether, ester, lactone ring or hydroxyl moiety, or a
Cs-C,, arylene group such as phenylene or naphthylene, their
examples are shown below.

| N
-

o} .

0

In these formulae, the broken line denotes a valence bond.

The acid labile group represented by R'* in formula (2) will
be described later.

In addition to the recurring units (al) of formula (1) and the
recurring units (a2) of formula (2), the polymer may have
further copolymerized therein recurring units having a
hydroxyl group substituted with an acid labile group. Suitable
recurring units having a hydroxyl group substituted with an
acid labile group include units (b1) to (b4) represented by the
general formula (3).
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Herein R'? and R'® each are hydrogen or methyl. R'* is a
straight, branched or cyclic, di- to pentavalent aliphatic
hydrocarbon group of 1 to 16 carbon atoms which may have
an ether or ester moiety. R'* and R*” each are an acid labile
group. R'® to R*' and R** to R*® are each independently
hydrogen, cyano, a straight, branched or cyclic C,-C, alkyl
group, alkoxycarbonyl, or a group having an ether moiety or
lactone ring, at least one of R'® to R*! and R** to R*’ has a
hydroxyl group substituted with an acid labile group. The
subscript m is an integer of 1 to 4, nis O or 1, b1, b2, b3 and
b4 are numbers in the range: 0<b1<1.0, 0=b2<1.0, 0=<b3<1.0,
0<b4<1.0, and 0<b1+b2+b3+b4<1.0.

Examples of the monomers from which recurring units
(b1) and (b2) in formula (3) are derived are given below.
Herein R'? and R*¢ each are hydrogen or methyl, and R*® and
R'7 each are an acid labile group.
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Examples of the monomers from which recurring units 15
(b3) and (b4) are derived are given below. Herein R is an acid
labile group.
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The acid labile group represented by R in formula (1), the
acid labile group represented by R'! in formula (2) and the
acid labile groups (substituting on hydroxyl) represented by
R'>, R'7, any one of R*® to R?!, and any one of R*? to R* in
formula (3) may be the same or different and selected from a
variety of such groups, with the proviso that R> and R'* are
different. Suitable acid labile groups include groups of the
following formula (AL-10), acetal groups of the following
formula (AL-11), tertiary alkyl groups of the following for-
mula (AL-12), and oxoalkyl groups of 4 to 20 carbon atoms,
but are not limited thereto.

(AL-10)
(0]
— (CHy)ps— C—0—R"!
(AL-11)
R
JE— (lj — 00— R54
R
o (AL-12)
R
—l —RY
I
R56

In formulae (AL-10) and (AL-11), R*" and R>* each are a
monovalent hydrocarbon group, typically straight, branched
or cyclic alkyl group, of 1 to 40 carbon atoms, more specifi-
cally 1 to 20 carbon atoms, which may contain a heteroatom
such as oxygen, sulfur, nitrogen or fluorine. R>* and R>? each
are hydrogen or a monovalent hydrocarbon group, typically
straight, branched or cyclic C,-C,, alkyl group, which may
contain a heteroatom such as oxygen, sulfur, nitrogen or
fluorine. The subscript “a5” is an integer of 0 to 10, and
especially 1 to 5. Alternatively, a pair of R°? and R>3, R>* and
R>* or R*® and R** may bond together to form a ring, spe-
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cifically aliphatic ring, with the carbon atom or the carbon and
oxygen atoms to which they are attached, the ring having 3 to
20 carbon atoms, especially 4 to 16 carbon atoms.

In formula (AL-12), R**, R3¢ and R*7 each are a monova-
lent hydrocarbon group, typically straight, branched or cyclic
C,-C,, alkyl group, which may contain a heteroatom such as
oxygen, sulfur, nitrogen or fluorine. Alternatively, a pair of
R’® and R>%, R* and R*7, or R*® and R*>” may bond together
to form a ring, specifically aliphatic ring, with the carbon
atom to which they are attached, the ring having 3 to 20
carbon atoms, especially 4 to 16 carbon atoms.

Tlustrative examples of the groups of formula (AL-10)
include tert-butoxycarbonyl, tert-butoxycarbonylmethyl,
tert-amyloxycarbonyl, tert-amyloxycarbonylmethyl,
1-ethoxyethoxycarbonylmethyl, 2-tetrahydropyranyloxycar-
bonylmethyl and 2-tetrahydrofuranyloxycarbonylmethyl as
well as substituent groups of the following formulae (AL-
10)-1 to (AL-10)-10.
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Informulae (AL-10)-1 to (AL-10)-10, R>® is each indepen-
dently a straight, branched or cyclic C,-Cy alkyl group,
C4-C, aryl group or C,-C,, aralkyl group; R> is hydrogen or
a straight, branched or cyclic C,-C,, alkyl group; R% is a
Cs-C,, aryl group or C,-C,, aralkyl group; and “a5” is as
defined above.

Iustrative examples of the acetal group of formula (AL-
11) include those of the following formulae (AL-11)-1 to
(AL-11)-112.
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(AL-11)-107
_CHz—ngg:'
(AL-11)-108
CHZO%
(AL-11)-109
(AL-11)-110
CHzO%>
(AL-11)-111
—CHZ—OE ,
(AL-11)-112
—CH,—0

Other examples of acid labile groups include those of the
following formula (AL-11a) or (AL-11b) while the polymer
may be crosslinked within the molecule or between mol-
ecules with these acid labile groups.

(AL-11a)

RGI RGI

—%—(O—R“to—A%O—éR“—O);%—]CS
RGZ RGZ

(AL-11b)
RGI RGI
—l—O—R“—B—A B—R®—0 l—
| JF Aok ;
R%2 G
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Herein R%" and R®* each are hydrogen or a straight,
branched or cyclic C,-C, alkyl group, or R®! and R®* may
bond together to form a ring with the carbon atom to which
they are attached, and R®" and R®? are straight or branched
C,-C, alkylene groups when they form a ring. R® is a
straight, branched or cyclic C,-C,, alkylene group. Each of
b5 and d5 is O or an integer of 1 to 10, preferably 0 or an
integer of 1 to 5, and ¢5 is an integer of 1 to 7. “A” is a
(c5+1)-valent aliphatic or alicyclic saturated hydrocarbon
group, aromatic hydrocarbon group or heterocyclic group
having 1 to 50 carbon atoms, which may be separated by a
heteroatom such as oxygen, sulfur or nitrogen or in which
some hydrogen atoms attached to carbon atoms may be sub-
stituted by hydroxyl, carboxyl, carbonyl radicals or fluorine
atoms. “B” is —CO—0O—, —NHCO—O— or —NH-
CONH—.

Preferably, “A” is selected from divalent to tetravalent,
straight, branched or cyclic C,-C,, alkylene, alkanetriyl and
alkanetetrayl groups, and C4-C, arylene groups, which may
be separated by a heteroatom such as oxygen, sulfur or nitro-
gen or in which some hydrogen atoms attached to carbon
atoms may be substituted by hydroxyl, carboxyl, acyl radicals
or halogen atoms. The subscript c5 is preferably an integer of
1to 3.

The crosslinking acetal groups of formulae (AL-11a) and
(AL-11b) are exemplified by the following formulae (AL-
11)-113 through (AL-11)-120.

(AL-11)-113

CH;3 CH;

—CH—O0—CH,CH,—0—CH—

(AL-11)-114
(|2H3 TH3
—CH—O—QO—CH—
(AL-11)-115
CH; CH;

—— CH—0—CH,CH,CH,CH,—0—CH—

(AL-11)-116
CH;3 CH;

—— CH—0—CH,CH,0CH,CH,0CH,CH,— 0—CH—

(AL-11)-117
CH; CH;

—CH—O0—CH,CH,0 OCH,CH,—0—CH—

(AL-11)-118

CH;3 CH;

—CH—O0—CH,CH,0 OCH,CH,—0—CH—
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(AL-11)-119

CH;

—CH—O0—CH,CH,0, ; OCH,CH,—0—CH—

CH;

OCH,CH,—0— CH—
(AL-11)-120

cH CH;
—éH o- CHZCHZOOCHZCHZ 0-Cir—

Iustrative examples of the tertiary alkyl of formula (AL-
12) include tert-butyl, triethylcarbyl, 1-ethylnorbornyl, 1-me-
thylcyclohexyl, 1-ethylcyclopentyl, and tert-amyl groups as
well as those of (AL-12)-1 to (AL-12)-16.

(AL-12)-1
(AL-12)-2
(\bﬁ>
(AL-12)-3
RS
(AL-12)-4
(\@ >
~
(AL-12)-5
R64
(AL-12)-6
R& RS
(AL-12)-7

R4 RES
R67
74
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R64
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R64

R64

R64
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(AL-12-9

(AL-12)-10

(AL-12)-11

(AL-12)-12

(AL-12)-13

(AL-12)-14
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(AL-12)-15
R64
R&
(AL-12)-16
R64

R64

Herein R** is each independently a straight, branched or
cyclic C,-Cg alkyl group, C4-C, aryl group or C,-C,,, aralkyl
group, two R® may bond together to form a ring; R% and R®”
each are hydrogen, methyl or ethyl; and R is a C4-C,, aryl
group or C,-C,, aralkyl group.

With acid labile groups containing R representative of a
di- or poly-valent alkylene or arylene group as shown by
formula (AL-12)-17, the polymer may be crosslinked within
the molecule or between molecules. In formula (AL-12)-17,
R* is as defined above, R®® is a single bond, or a straight,
branched or cyclic C,-C,, alkylene group or arylene group
which may contain a heteroatom such as oxygen, sulfur or
nitrogen, and b6 is an integer of 0 to 3. Formula (AL-12)-17
is applicable to all the foregoing acid labile groups.

(AL-12)-17
R&* R&*

64 64
R R »

The groups represented by R%*, R%, R® and R®” may
contain a heteroatom such as oxygen, nitrogen or sulfur. Such
groups are exemplified by the following formulae (AL-13)-1
to (AL-13)-7.

(AL-13)-1
—(CHp)4OH

(AL-13)-2
— (CHy),0(CH,);CH;

(AL-13)-3

—CHZO—CHZOH

(AL-13)-4
—(CH2)20(CH;),0H

(AL-13)-5

—(CH,)sOH
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(AL-13)-6
0 (0]
_CHZ \(
(@]
(AL-13)-7
0 (0]
_CH24<;/r

While the polymer used herein preferably includes recur-
ring units (al) of formula (1), and optionally recurring units
(a2) of formula (2) and acid labile group-containing recurring
units (b1) to (b4) of formula (3), it may have further copoly-
merized therein recurring units (c) derived from a monomer
having an adhesive group such as hydroxyl, cyano, carbonyl,
ester, ether, lactone ring, carboxyl, carboxylic anhydride, sul-
fonic acid ester, disulfone, and carbonate group. Inter alia,
monomers having a lactone ring as the adhesive group are
most preferred.

Examples of monomers from which recurring units (c) are
derived are given below.
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In a preferred embodiment, the polymer has further copo-
lymerized therein recurring units of at least one type selected
from sulfonium salt units (d1) to (d3) represented by the
general formulae below.

(dn)

024 (dZ)
R
d2
fo) O ROZS
)\ SOy S*—RO6
F;C o |
F, RO27
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028 (d3)
R
a3
Zl R029

\

SOy SY—RO30

R031

Herein R°*°, R°**, and R°*® each are hydrogen or methyl;
R is a single bond, phenylene, —O—R°*— or
—C(=0)—Y—R**—, wherein Y is oxygen or NH and
R*3 is a straight, branched or cyclic C,-Cy alkylene group,
alkenylene group or phenylene group, which may contain a
carbonyl (—CO—), ester (—COO—), ether (—O—), or
hydroxyl moiety; RO22 RO23 RO25 RO26 RO27 RO RO30
and R%*! are each independently a straight, branched or cyclic
C,-C,, alkyl group which may contain a carbonyl, ester or
ether moiety, a C4-C, , aryl group, a C,-C,, aralkyl group, or
a thiophenyl group; Z" is a single bond, methylene, ethylene,
phenylene, fluorinated phenylene, —O—R%*—, or
—C(=0)—Z>—R*>—, wherein Z* is oxygen or NH, and
R%*2 is a straight, branched or cyclic C,-Cy alkylene group,
alkenylene group or phenylene group, which may contain a
carbonyl, ester, ether or hydroxyl moiety; M~ is a non-nu-
cleophilic counter ion; d1 to d4 are in the range: 0=d1<0.3,
0=d2<0.3, 0=d3=0.3, and O=<d1+d2+d3<0.3.

Besides the recurring units described above, the polymer
may have further copolymerized therein additional recurring
units, for example, recurring units (¢) having a non-leaving
hydrocarbon group as described in JP-A 2008-281980.
Examples of the non-leaving hydrocarbon group other than
those described in JP-A 2008-281980 include indene,
acenaphthylene, and norbornadiene derivatives. Copolymer-
ization of recurring units (e) having a non-leaving hydrocar-
bon group is effective for improving the dissolution of the
polymer in organic solvent-based developer.

It is also possible to incorporate recurring units (f) having
an oxirane or oxetane ring into the polymer. Where recurring
units (f) having an oxirane or oxetane ring are copolymerized
in the polymer, the exposed region of resist film will be
crosslinked, leading to improvements in film retention of the
exposed region and etch resistance. Examples of the recurring
units (f) having an oxirane or oxetane ring are given below
wherein R*! is hydrogen or methyl.

R41 R41 R41
io io io
O O O
O 9} § O
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Appropriate molar fractions of individual recurring units 45

(al), (a2), (b1), (b2), (b3), (b4), (¢), (d1), (d2), (d3), (e), and
(1) incorporated in the polymer are in the range: 0<al<1.0,

96

0=<a2<1.0, 0=b1<1.0, 0=b2<1.0, 0<b3<1.0, 0<b4<1.0, 0<a2+
bl+b2+b3+b4<1.0, 0<c<1.0, 0=d1=0.3, 0=d2<023,
0=d3=0.3, 0=d1+d2+d3=<0.3, O=<e 0.4, 0=f=<0.6; preferably
0.1=a1=<0.9,0=a2<0.9,0.1=al+a2<0.9, 0=b1=<0.9, 0=b2<0.9,
0=b3<0.9, 0=b4<0.9, 0.1=al+a2+b1+b2+b3+b4<0.9,
0.1=c=<0.9, 0=d1=0.2, 0=d2<0.2, 0=d3=<0.2, O=dl+d2+
d3=0.2, O=<e 0.3, 0=f=<0.5, provided that al+a2+b1+b2+b3+
b4+c+d1+d2+d3+e+=1.

The polymer serving as the base resin in the resist compo-
sition used in the pattern forming process of the invention
should preferably have a weight average molecular weight
(Mw) in the range of 1,000 to 500,000, and more preferably
2,000 to 30,000, as measured by GPC versus polystyrene
standards using tetrahydrofuran solvent. With too low a Mw,
a film thickness loss is likely to occur upon organic solvent
development. A polymer with too high a Mw may lose solu-
bility in organic solvent and have a likelihood of footing after
pattern formation.

If a polymer has a wide molecular weight distribution or
dispersity (Mw/Mn), which indicates the presence of lower
and higher molecular weight polymer fractions, there is a
possibility that following exposure, foreign matter is left on
the pattern or the pattern profile is exacerbated. The influ-
ences of molecular weight and dispersity become stronger as
the pattern rule becomes finer. Therefore, the multi-compo-
nent copolymer should preferably have a narrow dispersity
(Mw/Mn) of 1.0 to 2.0, especially 1.0 to 1.5, in order to
provide a resist composition suitable for micropatterning to a
small feature size.

The polymer used herein may be synthesized by any
desired method, for example, by dissolving unsaturated
bond-containing monomers corresponding to the respective
recurring units in an organic solvent, adding a radical initiator
thereto, and effecting heat polymerization. Examples of the
organic solvent which can be used for polymerization include
toluene, benzene, tetrahydrofuran, diethyl ether and dioxane.
Examples of the polymerization initiator used herein include
2,2'-azobisisobutyronitrile (AIBN), 2,2'-azobis(2,4-dimeth-
ylvaleronitrile), dimethyl 2,2-azobis(2-methylpropionate),
benzoyl peroxide, and lauroyl peroxide. Preferably the sys-
tem is heated at 50 to 80° C. for polymerization to take place.
The reaction time is 2 to 100 hours, preferably 5 to 20 hours.
The acid labile group that has been incorporated in the mono-
mer may be kept as such, or the product may be protected or
partially protected after polymerization.

For example, a polymer comprising recurring units of for-
mula (1) may be synthesized by using a polymerizable double
bond-bearing ester compound of the general formula (1a) as
the monomer, and effecting polymerization thereof.

(1a)

OR?
R?°0
R*O
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Herein R* is hydrogen or methyl. R? is hydrogen or a straight,
branched or cyclic monovalent hydrocarbon group of 1 to 20
carbon atoms in which a constituent —CH,— may be sub-
stituted by —O— or —C(=0)—. R? is an acid labile group.
R* is hydrogen or a straight, branched or cyclic monovalent
hydrocarbon group of 1 to 20 carbon atoms in which a con-
stittient —CH,— may be substituted by —O— or
—C(=0)—.

Examples of the polymerizable monomer having formula
(1a) are given below, but not limited thereto. Herein R* is
hydrogen or methyl.
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The synthesis of the monomer having formula (1a) is not
particularly limited. It may be synthesized by the optimum
method selected depending on its structure. For example, the
monomer having formula (1a) wherein R? is hydrogen may
be synthesized as shown by the following scheme.

Rl
0
0
3
- OR:
base (6)
OR* OR*
@ ®)
Rl
0
0
OR?
R?0
R*O
e}

(1a)

Herein R! to R* are as defined above, X* is hydrogen or
halogen, M is Li, Na, K, MgY or ZnY, andY is halogen.

First, a base acts on a corresponding acetate (where X* is
hydrogen) or haloacetate (where X* is halogen) to form a
metal enolate (5). Then nucleophilic addition reaction is
effected between the metal enolate (5) and a carbonyl com-
pound (6) to form the desired monomer (1a).

The bases used herein include metal amides such as
sodium amide, potassium amide, lithium diisopropylamide,
potassium diisopropylamide, lithium dicyclohexylamide,
potassium dicyclohexylamide, lithium 2,2.6,6-tetramethylpi-
peridine, lithium bistrimethylsilylamide, sodium bistrimeth-
ylsilylamide, potassium bistrimethylsilylamide, lithium iso-
propylcyclohexylamide, and bromomagnesium
diisopropylamide; alkoxides such as sodium methoxide,
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sodium ethoxide, lithium methoxide, lithium ethoxide,
lithium tert-butoxide, and potassium tert-butoxide; inorganic
hydroxides such as sodium hydroxide, lithium hydroxide,
potassium hydroxide, barium hydroxide, and tetra-n-buty-
lammonium hydroxide; inorganic carbonates such as sodium
carbonate, sodium hydrogencarbonate, lithium carbonate and
potassium carbonate; metal hydrides such as boranes, alky-
Iboranes, sodium hydride, lithium hydride, potassium
hydride, and calcium hydride; alkyl metal compounds such as
trityl lithium, trityl sodium, trityl potassium, methyl lithium,
phenyl lithium, sec-butyl lithium, tert-butyl lithium, and ethyl
magnesium bromide; and metals such as lithium, sodium,
potassium, magnesium, and zinc, but are not limited thereto.
Itis noted that reaction using haloacetate and zinc is known as
Reformatsky reaction.

The intermediate, carbonyl compound (6) may be pre-
pared, for example, via steps 1) to iii) according to the reaction
scheme shown below although the synthesis route is not lim-

ited thereto.
IRI
(@] (@]
OMe OMe
OMe 8 OMe
—_— —
i) ii)
OH
®

R!
x5

OH

O

OH
M

IRI Rl
0 0 RI— xS 0 0
(0] an O
—_—
iii)
OH OR?

(10) (6)

Herein R' and R® are as defined above, X° is halogen,
hydroxyl or —OR?, R® is methyl, ethyl or a group of the
formula (12):

12)

X6 is halogen, and Me is methyl.

Step 1) is a reaction of diol compound (7) with esterifying
agent (8) to form hydroxy-ester compound (9). One reactant,
diol compound (7) may be readily prepared by the method
described in Journal of Organic Chemistry, Vol. 64, p. 4943
(1999), as Non-Patent Document 1.

The reaction may readily run by a well-known procedure.
The preferred esterifying agent (8) is an acid chloride of
formula (8) wherein X° is chlorine or a carboxylic anhydride
of formula (8) wherein X® is —OR?® and R’ is a group of
formula (12). When an acid chloride, typically carboxylic
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acid chloride such as methacrylic acid chloride is used as the
esterifying agent (8), the reaction may be conducted in a
solventless system or in a solvent (e.g., methylene chloride,
acetonitrile, toluene or hexane) by adding diol compound (7),
acid chloride, and a base (e.g., triethylamine, pyridine or
4-dimethylaminopyridine) in sequence or at a time, and
optional cooling or heating. When a carboxylic anhydride
such as methacrylic anhydride is used as the esterifying agent
(8), the reaction may be conducted in a solventless system or
in a solvent (e.g., methylene chloride, acetonitrile, toluene or
hexane) by adding diol compound (7), carboxylic anhydride,
and a base (e.g., triethylamine, pyridine or 4-dimethylami-
nopyridine) in sequence or at a time, and optional cooling or
heating.

An appropriate amount of diol compound (7) used is 1 to 10
moles, more preferably 1 to 5 moles per mole of esterifying
agent (8). Less than 1 mole of diol compound (7) may result
in a substantial drop of percent yield because a noticeable
amount of a bis-ester compound may be formed by side
reaction to esterify both the hydroxyl groups of diol com-
pound (7). More than 10 moles of diol compound (7) may be
uneconomical because of an increase of reactant cost and a
lowering of pot yield.

The reaction time is determined as appropriate by moni-
toring the reaction process by thin-layer chromatography
(TLC) or gas chromatography (GC) because it is desirable
from the yield aspect to drive the reaction to completion.
Usually the reaction time is about 30 minutes to about 40
hours. Hydroxy-ester compound (9) may be recovered from
the reaction mixture by ordinary aqueous work-up. If neces-
sary, it may be purified by standard techniques like distilla-
tion, recrystallization and chromatography.

Step ii) is hydrolysis of dimethylacetal group of hydroxy-
ester compound (9) under acidic conditions to form hydroxy-
keto-ester compound (10). The reaction may readily run by a
well-known procedure. Preferably an acid catalyst is used.
Suitable acid catalysts include mineral acids such as hydro-
chloric acid, sulfuric acid, nitric acid and perchloric acid and
organic acids such as trifluoroacetic acid, benzenesulfonic
acid, p-toluenesulfonic acid and trifluoromethanesulfonic
acid.

Step iii) is a reaction of hydroxy-keto-ester compound (10)
with protecting agent (11) to form carbonyl compound (9).
The protecting agent (11) has the formula: R*—X° wherein
R? is as defined above and X6 is a halogen. Exemplary halo-
gen atoms are chlorine, bromine and iodine, with chlorine
being most preferred for ease of handling.

The reaction may readily run by a well-known procedure.
Where R? in formula (6) is methoxymethyl, preferably the
reaction may be conducted in a solventless system or in a
solvent by adding hydroxy-keto-ester compound (10), pro-
tecting agent (11) (e.g., chloromethyl methyl ether), and a
base (e.g., triethylamine, pyridine, N,N-diisopropylethy-
lamine or 4-dimethylaminopyridine) in sequence or at a time,
and optional cooling or heating.

An appropriate amount of protecting agent (11) used is 0.5
to 10 moles, more preferably 1.0 to 3.0 moles per mole of
hydroxy-keto-ester compound (10). Less than 0.5 mole of
protecting agent (11) may result in a substantial drop of
percent yield because a large fraction of the reactant may be
left unreacted. More than 10 moles of protecting agent (11)
may be uneconomical because of an increase of reactant cost
and a lowering of pot yield.

Suitable solvents used in step iii) include hydrocarbons
such as toluene, xylene, hexane, and heptane; chlorinated
solvents such as methylene chloride, chloroform and dichlo-
roethane; ethers such as diethyl ether, tetrahydrofuran and
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dibutyl ether; ketones such as acetone and 2-butanone; esters
such as ethyl acetate and butyl acetate; nitriles such as aceto-
nitrile; alcohols such as methanol and ethanol; aprotic polar
solvents such as N,N-dimethylformamide, N,N-dimethylac-
etamide and dimethyl sulfoxide; and water, which may be
used alone or in admixture. To the reaction system, a phase
transfer catalyst such as tetrabutylammonium hydrogensul-
fate may be added. An appropriate amount of the phase trans-
fer catalyst, if used, is 0.0001 to 1.0 mole, more preferably
0.001 to 0.5 mole per mole of hydroxy-keto-ester compound
(10). Less than 0.0001 mole of the catalyst may fail to achieve
an addition effect whereas more than 1.0 mole of the catalyst
may be uneconomical because of an increased catalyst cost.

The reaction time is determined as appropriate by moni-
toring the reaction process by TLC or GC because it is desir-
able from the yield aspect to drive the reaction to completion.
Usually the reaction time is about 30 minutes to about 40
hours. The carbonyl compound (6) may be recovered from the
reaction mixture by ordinary aqueous work-up. If necessary,
the compound may be purified by standard techniques like
distillation, recrystallization and chromatography.

When it is desired to obtain carbonyl compound (6)
wherein R? is a tertiary alkyl group such as tert-butyl, tert-
amyl, methylcyclopentyl, ethylcyclopentyl, methylcyclo-
hexyl, ethylcyclohexyl, methyladamantyl or ethyladamantyl,
step iii) may follow an alternative route. That is, reaction of
hydroxy-keto-ester compound (10) with a corresponding ole-
fin (e.g., isobutene or isoamylene) may be conducted in a
solventless system or in a solvent (e.g., toluene or hexane) in
the presence of an acid catalyst at a temperature of —20° C. to
50° C. Suitable acid catalysts include mineral acids such as
hydrochloric acid, sulfuric acid, nitric acid and perchloric
acid, and organic acids such as methanesulfonic acid, trifluo-
romethanesulfonic acid, p-toluenesulfonic acid and benzene-
sulfonic acid.

It is acceptable to use a blend of two or more inventive
polymers which differ in compositional ratio, molecular
weight or dispersity as the base resin in the resist composi-
tion. Also useful is a blend of an inventive polymer compris-
ing recurring units of formula (1) and a polymer comprising
recurring units having a conventional acid labile group-sub-
stituted hydroxyl or carboxyl group, for example, a polymer
comprising recurring units (a2) and/or (b1) to (b4).

In some embodiments, the inventive polymer may be
blended with a polymer of the conventional type wherein the
exposed region of resist film is dissolved on alkaline devel-
opment such as (meth)acrylate polymer, polynorbornene,
cycloolefin-maleic anhydride copolymer, or ring-opening
metathesis polymerization (ROMP) polymer. Also, the inven-
tive polymer may be blended with a (meth)acrylate polymer,
polynorbornene or cycloolefin-maleic anhydride copolymer
having an acid labile group-substituted hydroxyl group
wherein the exposed region of resist film is not dissolved by
alkaline development, but negative pattern is formed by
organic solvent development.

Resist Composition

The resist composition used in the pattern forming process
of'the invention comprises the polymer defined above as base
resin, an organic solvent, and optionally, a compound capable
of generating an acid in response to high-energy radiation
(known as “acid generator”), basic compound, dissolution
regulator, surfactant, acetylene alcohol, and other compo-
nents.

The resist composition used herein may include an acid
generator in order for the composition to function as a chemi-
cally amplified positive resist composition. Typical of the
acid generator used herein is a photoacid generator (PAG)
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capable of generating an acid in response to actinic light or
radiation. The PAG may preferably be compounded in an
amount 0f'0.5 to 30 parts and more preferably 1 to 20 parts by
weight per 100 parts by weight of the base resin. The PAG is
any compound capable of generating an acid upon exposure
to high-energy radiation. Suitable PAGs include sulfonium
salts, iodonium salts, sulfonyldiazomethane, N-sulfonyloxy-
imide, and oxime-O-sulfonate acid generators. The PAGs
may be used alone or in admixture of two or more. Typically
acid generators generate such acids as sulfonic acids, imidic
acids and methide acids. Of these, sulfonic acids which are
fluorinated at a-position are most commonly used. In case the
acid labile group is an acetal group which is susceptible to
deprotection, the sulfonic acid need not necessarily be fluori-
nated at a-position. In the embodiment wherein the polymer
has recurring units (d1), (d2) or (d3) of acid generator copo-
lymerized therein, the acid generator need not be separately
added.

Examples of the organic solvent used herein are described
in JP-A 2008-111103, paragraphs [0144] to [0145] (U.S. Pat.
No. 7,537,880). Specifically, exemplary solvents include
ketones such as cyclohexanone and methyl-2-n-amyl ketone;
alcohols such as 3-methoxybutanol, 3-methyl-3-methoxybu-
tanol, 1-methoxy-2-propanol, and 1-ethoxy-2-propanol;
ethers such as propylene glycol monomethyl ether, ethylene
glycol monomethyl ether, propylene glycol monoethyl ether,
ethylene glycol monoethyl ether, propylene glycol dimethyl
ether, and diethylene glycol dimethyl ether; esters such as
propylene glycol monomethyl ether acetate (PGMEA), pro-
pylene glycol monoethyl ether acetate, ethyl lactate, ethyl
pyruvate, butyl acetate, methyl 3-methoxypropionate, ethyl
3-ethoxypropionate, tert-butyl acetate, tert-butyl propionate,
and propylene glycol mono-tert-butyl ether acetate; and lac-
tones such as y-butyrolactone, and mixtures thereof. Where
an acid labile group of acetal form is used, a high-boiling
alcohol solvent such as diethylene glycol, propylene glycol,
glycerol, 1,4-butane diol or 1,3-butane diol may be added for
accelerating deprotection reaction of acetal.

Basic compounds, typically amines may be added to the
resist composition. Suitable basic compounds include pri-
mary, secondary and tertiary amine compounds, specifically
amine compounds having a hydroxyl, ether, ester, lactone,
cyano or sulfonate group, as described in JP-A 2008-111103,
paragraphs to [0164], and compounds having a carbamate
group, as described in JP 3790649.

Onium salts such as sulfonium salts, iodonium salts and
ammonium salts of sulfonic acids which are not fluorinated at
a-position as described in US 20080153030 (JP-A 2008-
158339) and similar onium salts of carboxylic acid as
described in JP 3991462 may be used as the quencher. Where
the acid labile group is an acetal group which is very sensitive
to acid, the acid for eliminating the protective group need not
necessarily be an a-position fluorinated sulfonic acid, imidic
acid, or methidic acid because sometimes deprotection reac-
tion may proceed even with an a-position non-fluorinated
sulfonic acid. In this case, an onium salt of sulfonic acid
cannot be used as the quencher, and instead, an onium salt of
carboxylic acid is preferably used alone.

Exemplary surfactants are described in JP-A 2008-
111103, paragraphs [0165] to [0166]. Exemplary dissolution
regulators are described in JP-A 2008-122932 (US
2008090172), paragraphs [0155] to [0178], and exemplary
acetylene alcohols in paragraphs [0179] to [0182].

Also a polymeric additive may be added for improving the
water repellency on surface of a resist film as spin coated. This
additive may be used in the topcoatless immersion lithogra-
phy. These additives have a specific structure with a 1,1,1,3,
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3,3-hexafluoro-2-propanol residue and are described in JP-A
2007-297590, JP-A 2008-111103 and JP-A 2012-128067.
The water repellency improver to be added to the resist should
be soluble in the organic solvent as developer. The water
repellency improver of specific structure with a 1,1,1,3,3,3-
hexafluoro-2-propanol residue is well soluble in the devel-
oper. A polymer having an amino group or amine salt copo-
lymerized as recurring units may serve as the water repellent
additive and is effective for preventing evaporation of acid
during PEB and avoiding any hole pattern opening failure
after development. An appropriate amount of the water repel-
lency improver is 0.1 to 20 parts, preferably 0.5 to 10 parts by
weight per 100 parts by weight of the base resin.

Notably, an appropriate amount of the organic solvent is
100 to 10,000 parts, preferably 300 to 8,000 parts by weight,
and an appropriate amount of the basic compound is 0.0001 to
30 parts, preferably 0.001 to 20 parts by weight, per 100 parts
by weight of the base resin. Amounts of the dissolution regu-
lator, surfactant, and acetylene alcohol may be determined as
appropriate depending on their purpose of addition.

Process

One embodiment of the invention is a pattern forming
process comprising the steps of coating a resist composition
onto a substrate, prebaking the resist composition to form a
resist film, exposing a selected region of the resist film to
high-energy radiation, baking (PEB), and developing the
exposed resist film with an organic solvent developer so that
the unexposed region of resist film is dissolved and the
exposed region of resist film is left, thereby forming a nega-
tive tone resist pattern such as a hole or trench pattern.

FIG. 1 illustrates the pattern forming process of the inven-
tion. First, the positive resist composition is coated on a
substrate to form a resist film thereon. Specifically, a resist
film 40 of a positive resist composition is formed on a pro-
cessable substrate 20 disposed on a substrate 10 directly or via
an intermediate intervening layer 30 as shown in FIG. 1A.
The resist film preferably has a thickness of 10 to 1,000 nm
and more preferably 20 to 500 nm. Prior to exposure, the
resist film is heated or prebaked, preferably at a temperature
of 60 to 180° C., especially 70 to 150° C. for a time of 10 to
300 seconds, especially 15 to 200 seconds.

The substrate 10 used herein is generally a silicon sub-
strate. The processable substrate (or target film) 20 used
herein includes SiO,, SiN, SiON, SiOC, p-Si, a-Si, TiN, WS,
BPSG, SOG, Cr, CrO, CrON, MoSi, low dielectric film, and
etch stopper film. The intermediate intervening layer 30
includes hard masks of SiO,, SiN, SiON or p-Si, an undercoat
in the form of carbon film, a silicon-containing intermediate
film, and an organic antireflective coating.

Next comes exposure depicted at 50 in FIG. 1B. For the
exposure, preference is given to high-energy radiation having
awavelength of 140 to 250 nm, EUV having a wavelength of
13.5 nm, and EB, and especially ArF excimer laser radiation
of 193 nm. The exposure may be done either in a dry atmo-
sphere such as air or nitrogen stream or by immersion lithog-
raphy in water. The ArF immersion lithography uses deion-
ized water or liquids having a refractive index of at least 1 and
highly transparent to the exposure wavelength such as
alkanes as the immersion solvent. The immersion lithography
involves prebaking a resist film and exposing the resist film to
light through a projection lens, with water or liquid intro-
duced between the resist film and the projection lens. Since
this allows lenses to be designed to a NA of 1.0 or higher,
formation of finer feature size patterns is possible. The
immersion lithography is important for the ArF lithography to
survive to the 45-nm node. In the case of immersion lithog-
raphy, deionized water rinsing (or post-soaking) may be car-
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ried out after exposure for removing water droplets left on the
resist film, or a protective film may be applied onto the resist
film after pre-baking for preventing any leach-out from the
resist film and improving water slip on the film surface.

The resist protective film used in the immersion lithogra-
phy is preferably formed from a solution of a polymer having
1,1,1,3,3,3-hexafluoro-2-propanol  residues which is
insoluble in water, but soluble in an alkaline developer liquid,
in a solvent selected from alcohols of at least 4 carbon atoms,
ethers of 8 to 12 carbon atoms, and mixtures thereof. The
protective film-forming composition used herein may be
based on a polymer comprising recurring units derived from
a monomer having a 1,1,1,3,3,3-hexafluoro-2-propanol resi-
due. While the protective film must dissolve in the organic
solvent developer, the polymer comprising recurring units
derived from a monomer having a 1,1,1,3,3,3-hexafluoro-2-
propanol residue dissolves in organic solvent developers. In
particular, protective film-forming materials having 1,1,1,3,
3,3-hexafluoro-2-propanol residues as described in JP-A
2007-025634 and JP-A 2008-003569 readily dissolve in
organic solvent developers.

In the protective film-forming composition, an amine com-
pound or amine salt or a polymer having copolymerized
therein recurring units containing an amine compound or
amine salt may be used. This component is effective for
controlling diffusion of the acid generated in the exposed
region of the photoresist film to the unexposed region for
thereby preventing any hole opening failure. Useful protec-
tive film materials having an amine compound added thereto
are described in JP-A 2008-003569, and useful protective
film materials having an amino group or amine salt copoly-
merized are described in JP-A 2007-316448. The amine com-
pound or amine salt may be selected from the compounds
enumerated as the basic compound to be added to the resist
composition. An appropriate amount of the amine compound
or amine salt added is 0.01 to 10 parts, preferably 0.02 to 8
parts by weight per 100 parts by weight of the base resin.

After formation of the photoresist film, deionized water
rinsing (or post-soaking) may be carried out for extracting the
acid generator and the like from the film surface or washing
away particles, or after exposure, rinsing (or post-soaking)
may be carried out for removing water droplets left on the
resist film. If the acid evaporating from the exposed region
during PEB deposits on the unexposed region to deprotect the
protective group on the surface of the unexposed region, there
is a possibility that the surface edges of holes after develop-
ment are bridged to close the holes. Particularly in the case of
negative development, regions surrounding the holes receive
light so that acid is generated therein. There is a possibility
that the holes are not opened if the acid outside the holes
evaporates and deposits inside the holes during PEB. Provi-
sion of a protective film is effective for preventing evapora-
tion of acid and for avoiding any hole opening failure. A
protective film having an amine compound added thereto is
more effective for preventing acid evaporation. On the other
hand, a protective film to which an acid compound such as a
carboxyl or sulfo group is added or which is based on a
polymer having copolymerized therein monomeric units con-
taining a carboxyl or sulfo group is undesirable because of a
potential hole opening failure.

The other embodiment of the invention is a process for
forming a pattern by applying a resist composition compris-
ing a polymer comprising acid labile group-substituted recur-
ring units of formula (1), an optional acid generator, and an
organic solvent onto a substrate, baking the composition to
form a resist film, forming a protective film on the resist film,
exposing the resist film to high-energy radiation to define
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exposed and unexposed regions, PEB, and applying an
organic solvent to the coated substrate to form a negative
pattern wherein the unexposed region of resist film and the
protective film are dissolved and the exposed region of resist
film is not dissolved. The protective film is preferably formed
from a composition comprising a polymer bearing a 1,1,1,3,
3,3-hexafluoro-2-propanol residue and an amino group or
amine salt-containing compound, or a composition compris-
ing a polymer bearing a 1,1,1,3,3,3-hexafluoro-2-propanol
residue and having amino group or amine salt-containing
recurring units copolymerized, the composition further com-
prising an alcohol solvent of at least 4 carbon atoms, an ether
solvent of 8 to 12 carbon atoms, or a mixture thereof.

Examples of suitable recurring units having a 1,1,1,3,3,3-
hexafluoro-2-propanol residue include those derived from
hydroxyl-bearing monomers selected from among the mono-
mers listed for units (c¢) on pages 53, 54 and 55. Examples of
the amino group-containing compound include the amine
compounds described in JP-A 2008-111103, paragraphs
[0146] to [0164] as being added to photoresist compositions.
Examples of the amine salt-containing compound include
salts of the foregoing amine compounds with carboxylic
acids or sulfonic acids.

Suitable alcohols of at least 4 carbon atoms include 1-butyl
alcohol, 2-butyl alcohol, isobutyl alcohol, tert-butyl alcohol,
1-pentanol, 2-pentanol, 3-pentanol, tert-amyl alcohol, neo-
pentyl alcohol, 2-methyl-1-butanol, 3-methyl-1-butanol,
3-methyl-3-pentanol, cyclopentanol, 1-hexanol, 2-hexanol,
3-hexanol, 2,3-dimethyl-2-butanol, 3,3-dimethyl-1-butanol,
3,3-dimethyl-2-butanol, 2-ethyl-1-butanol, 2-methyl-1-pen-
tanol, 2-methyl-2-pentanol, 2-methyl-3-pentanol, 3-methyl-
1-pentanol, 3-methyl-2-pentanol, 3-methyl-3-pentanol,
4-methyl-1-pentanol, 4-methyl-2-pentanol, 4-methyl-3-pen-
tanol, cyclohexanol, and 1-octanol. Suitable ether solvents of
8 to 12 carbon atoms include di-n-butyl ether, diisobutyl
ether, di-sec-butyl ether, di-n-pentyl ether, diisopenty] ether,
di-sec-pentyl ether, di-tert-amyl ether, and di-n-hexyl ether.

Exposure is preferably performed in an exposure dose of
about 1 to 200 ml/cm?, more preferably about 10 to 100
ml/cm?. This is followed by baking (PEB) on a hot plate at 60
to 150° C. for 1 to 5 minutes, preferably at 80 to 120° C. for
1 to 3 minutes.

Thereafter the exposed resist film is developed in a devel-
oper consisting of an organic solvent for 0.1 to 3 minutes,
preferably 0.5 to 2 minutes by any conventional techniques
such as dip, puddle and spray techniques. In this way, the
unexposed region of resist film was dissolved away, leaving a
negative resist pattern 40 on the substrate 10 as shown in FI1G.
1C. The developer used herein is preferably selected from
among ketones such as 2-octanone, 2-nonanone, 2-hep-
tanone, 3-heptanone, 4-heptanone, 2-hexanone, 3-hexanone,
diisobutyl ketone, methylcyclohexanone, acetophenone, and
methylacetophenone, and esters such as propyl acetate, butyl
acetate, isobutyl acetate, amyl acetate, butenyl acetate,
isoamy! acetate, propyl formate, butyl formate, isobutyl for-
mate, amyl formate, isoamyl formate, methyl valerate,
methyl pentenoate, methyl crotonate, ethyl crotonate, methyl
propionate, ethyl propionate, ethyl 3-ethoxypropionate,
methyl lactate, ethyl lactate, propyl lactate, butyl lactate,
isobutyl lactate, amyl lactate, isoamyl lactate, methyl 2-hy-
droxyisobutyrate, ethyl 2-hydroxyisobutyrate, methyl ben-
zoate, ethyl benzoate, phenyl acetate, benzyl acetate, methyl
phenylacetate, benzyl formate, phenylethyl formate, methyl
3-phenylpropionate, benzyl propionate, ethyl phenylacetate,
and 2-phenylethyl acetate, and mixtures thereof. One or more
of these solvents may be used as the developer. When a
mixture of plural solvents is used, they may be mixed in any
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desired ratio. A surfactant may be added to the developer
while it may be selected from the same list of compounds as
exemplified for the surfactant to be added to the resist com-
position.

At the end of development, the resist film is rinsed. As the
rinsing liquid, a solvent which is miscible with the developer
and does not dissolve the resist film is preferred. Suitable
solvents include alcohols of 3 to 10 carbon atoms, ether
compounds of 8 to 12 carbon atoms, alkanes, alkenes, and
alkynes of 6 to 12 carbon atoms, and aromatic solvents.
Specifically, suitable alkanes of 6 to 12 carbon atoms include
hexane, heptane, octane, nonane, decane, undecane, dode-
cane, methylcyclopentane, dimethylcyclopentane, cyclohex-
ane, methylcyclohexane, dimethylcyclohexane, cyclohep-
tane, cyclooctane, and cyclononane. Suitable alkenes of 6 to
12 carbon atoms include hexene, heptene, octene, cyclohex-
ene, methylcyclohexene, dimethylcyclohexene, cyclohep-
tene, and cyclooctene. Suitable alkynes of 6 to 12 carbon
atoms include hexyne, heptyne, and octyne. Suitable alcohols
of'3 to 10 carbon atoms include n-propyl alcohol, isopropyl
alcohol, 1-butyl alcohol, 2-butyl alcohol, isobutyl alcohol,
tert-butyl alcohol, 1-pentanol, 2-pentanol, 3-pentanol, tert-
amyl alcohol, neopentyl alcohol, 2-methyl-1-butanol, 3-me-
thyl-1-butanol, 3-methyl-3-pentanol, cyclopentanol, 1-hex-
anol, 2-hexanol, 3-hexanol, 2,3-dimethyl-2-butanol, 3,3-
dimethyl-1-butanol,  3,3-dimethyl-2-butanol, 2-ethyl-1-
butanol, 2-methyl-1-pentanol, 2-methyl-2-pentanol,
2-methyl-3-pentanol, 3-methyl-1-pentanol, 3-methyl-2-pen-
tanol, 3-methyl-3-pentanol, 4-methyl-1-pentanol, 4-methyl-
2-pentanol, 4-methyl-3-pentanol, cyclohexanol, and 1-oc-
tanol. Suitable ether compounds of 8 to 12 carbon atoms
include di-n-butyl ether, diisobutyl ether, di-sec-butyl ether,
di-n-pentyl ether, diisopentyl ether, di-sec-pentyl ether, di-
tert-amyl ether, and di-n-hexyl ether. The solvents may be
used alone or in admixture. Besides the foregoing solvents,
aromatic solvents may be used, for example, toluene, xylene,
ethylbenzene, isopropylbenzene, tert-butylbenzene and
mesitylene. Rinsing is effective for minimizing the risks of
resist pattern collapse and defect formation. However, rinsing
is not essential. If rinsing is omitted, the amount of solvent
used may be reduced.

A hole pattern after reversal may be shrunk by the
RELACS® process. A hole pattern is shrunk by coating a
shrink agent thereto, and baking such that the shrink agent
may undergo crosslinking at the resist surface as a result of the
acid catalyst diffusing from the resist layer during bake, and
the shrink agent may attach to the sidewall of the hole pattern.
The bake is at a temperature of 70 to 180° C., preferably 80 to
170° C., for a time of 10 to 300 seconds. The extra shrink
agent is stripped and the hole pattern is shrunk.

Where a hole pattern is formed by negative tone develop-
ment, exposure by double dipole illuminations of X- and
Y-direction line patterns provides the highest contrast light.
The contrast may be further increased by combining dipole
illumination with s-polarized illumination.

When a halftone phase shift mask bearing a lattice-like
shifter pattern is used, a pattern of holes may be formed at the
intersections between gratings of the lattice-like shifter pat-
tern after development, as described in JP-A 2011-170316,
paragraph [0097] (US 20110177462). The preferred halftone
phase shift mask bearing a lattice-like shifter pattern has a
transmittance of 3 to 15%. More preferably, the phase shift
mask used is a phase shift mask including a lattice-like first
shifter having a line width equal to or less than a halfpitch and
a second shifter arrayed on the first shifter and consisting of
lines whose on-wafer size is 2 to 30 nm thicker than the line
width of the first shifter, whereby a pattern of holes is formed
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only where the thick shifter is arrayed. Also preferably, the
phase shift mask used is a phase shift mask including a lattice-
like first shifter having a line width equal to or less than a half
pitch and a second shifter arrayed on the first shifter and
consisting of dots whose on-wafer size is 2 to 100 nm thicker
than the line width of the first shifter, whereby a pattern of
holes is formed only where the thick shifter is arrayed.

Exposure by double dipole illuminations of X- and Y-di-
rection lines combined with polarized illumination presents a
method of forming light of the highest contrast. This method,
however, has the drawback that the throughput is substan-
tially reduced by double exposures and mask exchange ther-
ebetween. To continuously carry out two exposures while
exchanging a mask, the exposure tool must be equipped with
two mask stages although the existing exposure tool includes
a single mask stage. Higher throughputs may be obtained by
carrying out exposure of X direction lines continuously on 25
wafers in a front-opening unified pod (FOUP), exchanging
the mask, and carrying out exposure continuously on the
same 25 wafers, rather than exchanging a mask on every
exposure of a single wafer. However, a problem arises that as
the time duration until the first one of 25 wafers is exposed in
the second exposure is prolonged, the environment affects the
resist such that the resist after development may change its
size and shape. To block the environmental impact on wafers
in standby until the second exposure, it is effective that the
resist film is overlaid with a protective film.

To proceed with a single mask, it is proposed in Non-Patent
Document 1 to carry out two exposures by dipole illumina-
tions in X andY directions using a mask bearing a lattice-like
pattern. When this method is compared with the above
method using two masks, the optical contrast is somewhat
reduced, but the throughput is improved by the use of a single
mask. As described in Non-Patent Document 1, the method
involves forming X-direction lines in a first photoresist film
by X-direction dipole illumination using a mask bearing a
lattice-like pattern, insolubilizing the X-direction lines by
light irradiation, coating a second photoresist film thereon,
and forming Y-direction lines by Y-direction dipole illumina-
tion, thereby forming holes at the interstices between X- and
Y-direction lines. Although only a single mask is needed, this
method includes additional steps of insolubilizing the first
photoresist pattern between the two exposures, and coating
and developing the second photoresist film. Then the wafer
must be removed from the exposure stage between the two
exposures, giving rise to the problem of an increased align-
ment error. To minimize the alignment error between two
exposures, two exposures must be continuously carried out
without removing the wafer from the exposure stage. The
addition of s-polarized illumination to dipole illumination
provides a further improved contrast and is thus preferably
employed. After two exposures for forming X- and Y-direc-
tion lines using a lattice-like mask are performed in an over-
lapping manner, negative tone development is performed
whereupon a hole pattern is formed.

When it is desired to form a hole pattern via a single
exposure using a lattice-like mask, a quadru-pole illumina-
tion or cross-pole illumination is used. The contrast may be
improved by combining it with X-Y polarized illumination or
azimuthally polarized illumination of circular polarization.

In the hole pattern forming process using the resist com-
position of the invention, when two exposures are involved,
these exposures are carried out by changing the illumination
and mask for the second exposure from those for the first
exposure, whereby a fine size pattern can be formed at the
highest contrast and to dimensional uniformity. The masks
used in the first and second exposures bear first and second
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patterns of intersecting lines whereby a pattern of holes at
intersections of lines is formed in the resist film after devel-
opment. The first and second lines are preferably at right
angles although an angle of intersection other than 90° may be
employed. The first and second lines may have the same or
different size and/or pitch. If a single mask bearing first lines
in one area and second lines in a different area is used, it is
possible to perform first and second exposures continuously.
In this case, however, the maximum area available for expo-
sure is one half. Notably, the continuous exposures lead to a
minimized alignment error. Of course, the single exposure
provides a smaller alignment error than the two continuous
exposures.

When two exposures are performed using a single mask
without reducing the exposure area, the mask pattern may be
a lattice-like pattern, a dot pattern, or a combination of a dot
pattern and a lattice-like pattern. The use of a lattice-like
pattern contributes to the most improved light contrast, but
has the drawback of a reduced resist sensitivity due to a
lowering of light intensity. On the other hand, the use of a dot
pattern suffers a lowering of light contrast, but provides the
merit of an improved resist sensitivity.

Where holes are arrayed in horizontal and vertical direc-
tions, the above-described illumination and mask pattern are
used. Where holes are arrayed at a different angle, for
example, at an angle 0f 45°, a mask of a 45° arrayed pattern is
combined with dipole illumination or cross-pole illumina-
tion.

Where two exposures are performed, a first exposure by a
combination of dipole illumination with polarized illumina-
tion for enhancing the contrast of X-direction lines is fol-
lowed by a second exposure by a combination of dipole
illumination with polarized illumination for enhancing the
contrast of Y-direction lines. Two continuous exposures with
the X- and Y-direction contrasts emphasized through a single
mask can be performed on a currently commercially available
scanner.

The method of combining X and Y polarized illuminations
with cross-pole illumination using a mask bearing a lattice-
like pattern can form a hole pattern through a single exposure,
despite a slight lowering of light contrast as compared with
two exposures of dipole illumination. The method is esti-
mated to attain a substantial improvement in throughput and
avoids the problem of misalignment between two exposures.
Using such a mask and illumination, a hole pattern of the
order of 40 nm can be formed at a practically acceptable cost.

On use of a mask bearing a lattice-like pattern, light is fully
shielded at intersections between gratings. A fine hole pattern
may be formed by performing exposure through a mask bear-
ing such a pattern and organic solvent development entailing
positive/negative reversal.

On use of a mask bearing a dot pattern, although the con-
trast of an optical image is low as compared with the lattice-
like pattern mask, the formation of a hole pattern is possible
owing to the presence of black or light shielded spots.

It is difficult to form a fine hole pattern that holes are
randomly arrayed at varying pitch and position. The super-
resolution technology using off-axis illumination (such as
dipole or cross-pole illumination) in combination with a
phase shift mask and polarization is successful in improving
the contrast of dense (or grouped) patterns, but not so the
contrast of isolated patterns.

When the super-resolution technology is applied to repeat-
ing dense patterns, the pattern density bias between dense and
isolated patterns, known as proximity bias, becomes a prob-
lem. As the super-resolution technology used becomes stron-
ger, the resolution of a dense pattern is more improved, but the
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resolution of an isolated pattern remains unchanged. Then the
proximity bias is exaggerated. In particular, an increase of
proximity bias in a hole pattern resulting from further minia-
turization poses a serious problem. One common approach
taken to suppress the proximity bias is by biasing the size of
a mask pattern. Since the proximity bias varies with proper-
ties of a photoresist composition, specifically dissolution
contrast and acid diffusion, the proximity bias of a mask
varies with the type of photoresist composition. For a particu-
lar type of photoresist composition, a mask having a different
proximity bias must be used. This adds to the burden of mask
manufacturing. Then the pack and unpack (PAU) method is
proposed in Proc. SPIE Vol. 5753, p 171 (2005), which
involves strong super-resolution illumination of a first posi-
tive resist to resolve a dense hole pattern, coating the first
positive resist pattern with a negative resist film material in
alcohol solvent which does not dissolve the first positive resist
pattern, exposure and development of an unnecessary hole
portion to close the corresponding holes, thereby forming
both a dense pattern and an isolated pattern. One problem of
the PAU method is misalignment between first and second
exposures, as the authors point out in the report. The hole
pattern which is not closed by the second development expe-
riences two developments and thus undergoes a size change,
which is another problem.

To form a random pitch hole pattern by organic solvent
development entailing positive/negative reversal, a mask is
used in which a lattice-like pattern is arrayed over the entire
surface and the width of gratings is thickened only where
holes are to be formed as described in JP-A 2011-170316,
paragraph [0102].

Also useful is a mask in which a lattice-like pattern is
arrayed over the entire surface and thick dots are disposed
only where holes are to be formed.

On use of a mask bearing no lattice-like pattern arrayed,
holes are difficult to form, or even if holes are formed, a
variation of mask size is largely reflected by a variation of
hole size because the optical image has a low contrast.

EXAMPLE

Examples of the invention are given below by way of
illustration and not by way of limitation. The abbreviation
“pbw” is parts by weight. Me stands for methyl. For all
polymers, Mw and Mn are determined by GPC versus poly-
styrene standards using tetrahydrofuran solvent.

Polymerizable monomers of formula (la) were synthe-
sized in accordance with the formulation shown below.

Synthesis Example 1-1

Synthesis of Hydroxy-Keto-Ester Compound

OH 0
OMe
OMe O - O
pyridine
OH

Diol compound
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-continued

X

OMe
OMe

p-toluenesulfonic

acid
—_—

OH
Hydroxy-ester

X
¢

Hydroxy-keto-ester
(monomer type)

N 0 o}
0
HO on
o}
(I)

Hydroxy-keto-ester
(dimer type)

Synthesis Example 1-1-1
Synthesis of Hydroxy-Ester Compound

A mixture was obtained by combining 500 g of the diol
compound, 290 g of pyridine and 1,000 ml of acetonitrile.
While the mixture was kept at about 40° C., 377 g of meth-
acrylic anhydride was added dropwise to the mixture, which
was stirred at 40° C. for 20 hours. The reaction solution was
ice cooled whereupon an aqueous solution of sodium hydro-
gencarbonate was added dropwise to quench the reaction.
This was followed by standard aqueous workup. After the
solvent was distilled off, the product was purified by distilla-
tion, obtaining 360 g (yield 72%) of a hydroxy-ester com-
pound.

b.p.: 73° C./14 Pa

IR (D-ATR): v=3488,2961,2837, 1722, 1638, 1456, 1404,
1377,1326,1304, 1258, 1149, 1084, 943, 858, 814,769, 658,
617, 588 cm™!

'"H-NMR (600 MHz in DMSO-d,): 8=6.03 (1H, s), 5.69
(1H, m), 4.88 (1H, 1), 4.08 (2H, s), 3.39 (2H, d), 3.14 (6H, s),
1.88 (3H, m) ppm

Synthesis Example 1-1-2
Synthesis of Hydroxy-Keto-Ester Compound

The resulting hydroxy-ester compound, 360 g, was dis-
solved in 600 ml of water, to which 16 g of p-toluene-sulfonic
acid monohydrate was added. The solution was stirred at 40°
C. for 4 hours. The reaction solution was ice cooled where-
upon 8 g of sodium hydrogencarbonate was added to quench
the reaction. This was followed by standard aqueous workup.
The solvent was distilled off, obtaining 279 g of a hydroxy-
keto-ester compound. The hydroxy-keto-ester compound
was obtained quantitatively and had a high purity sufficient to
eliminate further purification. As seen from the above for-
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mula, the hydroxy-keto-ester compound was an equilibrium
mixture of monomer and dimer (white solid).

IR (D-ATR, equilibrium mixture of monomer and dimer):
v=3327, 2948, 1716, 1636, 1451, 1411, 1386, 1327, 1295,
1239, 1170, 1157, 1112, 1097, 1075, 1024, 951, 930, 916,
873, 812, 717, 654,597 cm™"

'H-NMR (600 MHz in DMSO-d,, only chemical shifts of
monomer are shown because complex peaks appear from an
equilibrium mixture of monomer and dimer): $=6.09 (1H, s),
5.74(1H, m), 5.37 (1H,1),4.96 (2H, s),4.14 (2H, d), 1.90 (3H,
$) ppm

Synthesis Example 1-2

Synthesis of Carbonyl Compound 1

e}

OH

Hydroxy-keto-ester
(monomer type)

Meo”” e

diisopropy! ethyl amine

X
XL

Hydroxy-keto-ester
(dimer type)

0
0
0
MeO)

Carbonyl compound 1

In 150 ml of acetonitrile were dissolved 100 g of the
hydroxy-keto-ester compound (equilibrium mixture of
monomer and dimer) and 66 g of methoxymethyl chloride. To
the solution kept at about 40° C., 106 g of N,N-diisopropyl-
ethylamine in 100 ml of acetonitrile was added dropwise. The
solution was stirred at 40° C. for 12 hours. The reaction
solution was ice cooled whereupon an aqueous solution of
sodium hydrogencarbonate was added dropwise to quench
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the reaction. This was followed by standard aqueous workup.
The solvent was distilled off. The product was purified by
distillation, obtaining 128 g (yield 84%) of Carbonyl com-
pound 1.

b.p.: 76° C./12 Pa

IR (D-ATR): v=2934,2893,2828,1745,1722, 1637, 1454,
1411, 1371, 1324, 1300, 1153, 1114, 1065, 1034, 945, 813,
653, 581, 560 cm™!

'H-NMR (600 MHz in DMSO-d): 8=6.10 (1H, m), 5.75
(1H, m), 4.95 (2H, s), 4.61 (2H, s), 4.28 (2H, 5), 3.28 (3H, s),
1.90 (3H, 5) ppm

Synthesis Example 1-3

Synthesis of Monomer 1

(@] @] O
(o] BrZn \)k J<
O
(@]
MeO)

Carbonyl compound 1

(0]
o
OH
/S
MeO 0]
AV
Monomer 1

A solution of 25.4 g Carbonyl compound 1 in 100 ml
toluene was added dropwise to a solution of a Reformatsky
reagent, which had been prepared from 32.9 g of zinc powder
and 49.0 g of tert-butyl bromoacetate, in 100 ml of THF at a
temperature below 30° C. The reaction solution was stirred at
room temperature for 1 hour, after which it was ice cooled. A
saturated aqueous solution of ammonium chloride was added
dropwise thereto to quench the reaction. This was followed by
standard aqueous workup. The solvent was distilled off. The
product was purified by silica gel column chromatography
(4:1 hexane/ethyl acetate), obtaining 36.8 g (yield 92%) of
Monomer 1 as oily matter.

IR (D-ATR): v=3472,2979,2934,2888,2825, 1722, 1638,
1456,1394,1369,1321,1297,1252,1217,1154,1113, 1047,
986, 948, 920, 845, 814, 658, 582 cm™!

'"H-NMR (600 MHz in DMSO-d,): 8=6.08 (1H, s), 5.68
(1H, m), 5.10 (1H, s), 4.55 (2H, s), 4.14 (1H, d), 4.07 (1H, d),
3.49 (2H, m), 3.22 (3H, s), 2.41 (2H, m), 1.88 (3H, s), 1.37
(OH. s) ppm
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Synthesis Example 1-4

Synthesis of Monomer 2

Monomer 2 was synthesized by the same procedure as
Synthesis Example 1-3 aside from using a Reformatsky
reagent which had been prepared from ethyl bromoacetate
instead of tert-butyl bromoacetate. Yield 94%.

IR (D-ATR): v=3473, 2082, 2034, 2888, 2824, 1722, 1638,
1455, 1405, 1373, 1321, 1297, 1153, 1113, 1046, 947, 920,
814, 657, 595, 556 cm™"

'H-NMR (600 MHz in DMSO-dy): $=6.07 (1H, m), 5.68
(1H, m), 5.18 (1H, s), 4.55 (2H, s), 4.15 (1H, d), 4.08 (1H, d),
4.02 (2H, q), 3.50 (2H, m), 3.21 (3H, s), 2.51 (2H, s), 1.88
(3H, s), 1.16 (3H, t) ppm

Synthesis Example 1-5

Synthesis of Monomer 3

Monomer 3 was synthesized by the same procedure as
Synthesis Example 1-3 aside from using a Reformatsky
reagent which had been prepared from 2-adamantyl bro-
moacetate instead of tert-butyl bromoacetate. Yield 90%.

Synthesis Example 1-6

Synthesis of Monomer 4

Monomer 4 was synthesized by the same procedure as
Synthesis Example 1-3 aside from using a Reformatsky
reagent which had been prepared from 1-ethylcyclopentyl
bromoacetate instead of tert-butyl bromoacetate. Yield 92%.

Synthesis Example 1-7

Synthesis of Monomer 5

Protecting agent 1

Carbonyl compound 2

9
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kio
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-continued
Monomer 5

OH

/°
Monomer 5 was synthesized by the same procedure as
Synthesis Examples 1-2 and 1-3 aside from using Protecting
agent 1 instead of chloromethyl methyl ether and Carbonyl
compound 2 instead of Carbonyl compound 1. Yield 88%.

Synthesis Example 1-8

Synthesis of Monomer 6

Protecting agent 2
Cl

OMe

Carbonyl compound 3

~H <

OMe

<

=

7<

Monomer 6 was synthesized by the same procedure as
Synthesis Examples 1-2 and 1-3 aside from using Protecting
agent 2 instead of chloromethyl methyl ether and Carbonyl
compound 3 instead of Carbonyl compound 1. Yield 89%.

<

Monomer 6

%
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Synthesis Example 1-9

Synthesis of Monomer 7

O
(0]
OH fo) fo)
o pyridine
MeO O
AV
Monomer 1
O
0]
>:O
@]

/—o

MeO (0]
AV
Monomer 7

A mixture was obtained by combining 31.8 g of Monomer
1, 12.6 g of pyridine and 100 ml of acetonitrile. While the
mixture was kept at about 40° C., 15.3 g of acetic anhydride
was added dropwise to the mixture, which was stirred at 50°
C. for 15 hours. The reaction solution was ice cooled where-
upon an aqueous solution of sodium hydrogencarbonate was
added dropwise to quench the reaction. This was followed by
standard aqueous workup. After the solvent was distilled off,
the product was purified by distillation, obtaining Monomer 7
in a yield of 81%.

Monomers 1 to 7 obtained in Synthesis Examples have the
structural formulae shown below.

Monomer 1
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-continued

OH
(6]
O

OH

Monomer 2

Monomer 3

Monomer 4

Monomer 5
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Synthesis Example 2-1

Synthesis of Polymers
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Monomer 6
040
5
[e] (@]
10 Q
(@]
15 Resist Polymer 2
Mw=7,100
Monomer 7 Mw/Mn=1.79
20

Resist Polymer 2

&

e}

¢}

Various polymers (Resist Polymers 1 to 6 and Reference

Polymers 1 to 3) for use in resist compositions were synthe-

sized by combining suitable monomers, effecting co

HO

30 o \’<
~
35 .
Resist Polymer 3

Mw=8,300

Mw/Mn=1.88
40

polymer- Resist Polymer 3

ization reaction in methyl ethyl ketone solvent, pouring into
methanol for crystallization, repeatedly washing with hex-

ane, isolation, and drying. The polymers were analyzed by . 050 010
'H-NMR to determine their composition and by GPC to
@] @]

determine their Mw and dispersity Mw/Mn.

Resist Polymer 1 o]
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Resist Polymer 4
Mw=7,800
Mw/Mn=1.81

0.20

Resist Polymer 5
Mw=8,300
Mw/Mn=1.86
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Resist Polymer 6
Mw=8,800
Mw/Mn=1.82

ﬁi}
O (6]
O
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Resist Polymer 6
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Reference Polymer 1

Mw=6,900
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Reference Polymer 2
Mw=7,100
Mw/Mn=1.76
Reference Polymer 2
0.50 0.10
O (6] O
o OH
O\’<
040
O 6]
o
(6]
Reference Polymer 3
Mw=6,800
Mw/Mn=1.77
Reference Polymer 3
\(\Aﬁ\}; fﬁ
(@) (6] O (6]
OH
\iﬁ%
O 6]
(6]
(6]

Preparation of Resist Composition

A resist composition in solution form was prepared by
dissolving a polymer (Resist Polymer or Reference Polymer)
and components in solvents in accordance with the formula-
tion of Table 1 and filtering through a Teflon® filter with a
pore size of 0.2 um. The components used herein are identi-
fied below.

128

Acid generator: PAG1 and PAG2 of the following structural
formulae

PAG 1
10
S+
0
0
15 >7CF2503'
FsC
PAG 2
0
2 Q
S+
25
0
0
\—CF2803'
30

Water-repellent Polymer 1

Mw=8,700
Mw/Mn=1.92
35
Water-repellent Polymer 1
40
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O O O O
45 TFZ
FZC\ Q O
CF;
O O CFs
: T
CFs

o Quenchers 1 to 4 of the following structural formulae
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Quencher 2 Quencher 4
5
.
8 O\/\SO3'
10 o
Quencher 3
15
o
20 Organic Solvent:
PGMEA (propylene glycol monomethyl ether acetate)
CyH (cyclohexanone)
TABLE 1
Acid Basic Organic
Polymer generator compound  Additive solvent
(pbw) (pbw) (pbw) (pbw) (pbw)
Resist 1 Resist Polymer 1 PAG1 Quencher 1 — PGMEA(2,000)
(100) (5.0) (2.00) CyH(500)
Resist 2 Resist Polymer 1 PAG1 Quencher 2 Water-repellent PGMEA(2,000)
(100) (5.0) (2.00) polymer 1 (3)  CyH(500)
Resist 3 Resist Polymer 1 PAG1 Quencher 3  Water-repellent PGMEA 2,000)
(100) (4.0) (4.00) polymer 1 (3)  CyH(500)
Resist 4 Resist Polymer 1 PAG1 Quencher4  Water-repellent PGMEA(2,000)
(100) (4.0) (4.00) polymer 1 (3)  CyH(500)
Resist 5 Resist Polymer 2 PAG1 Quencher 1  Water-repellent PGMEA(2,000)
(100) (4.0) (4.00) polymer 1 (3)  CyH(500)
Resist 6 Resist Polymer 3 PAG1 Quencher 1  Water-repellent PGMEA(2,000)
(100) (4.0) (4.00) polymer 1 (3)  CyH(500)
Resist 7 Resist Polymer 4 PAG1 Quencher 1  Water-repellent PGMEA(2,000)
(100) (4.0) (4.00) polymer 1 (3)  CyH(500)
Resist 8 Resist Polymer 5 PAG1 Quencher 1  Water-repellent PGMEA(2,000)
(100) (4.0) (4.00) polymer 1 (3)  CyH(500)
Resist 9 Resist Polymer 6 — Quencher 1  Water-repellent PGMEA(2,000)
(100) (4.00) polymer 1 (3)  CyH(500)
Resist 10 Resist Polymer 2 PAG1 Quencher 1  Water-repellent PGMEA(2,000)
(60) (5.0) (2.00) polymer 1 (3)  CyH(500)
Reference Polymer 3
(40)
Resist 11 Resist Polymer 2 PAG2 Quencher 1  Water-repellent PGMEA(2,000)
(100) (5.0) (2.00) polymer 1 (3)  CyH(500)
Comparative Reference Polymer 1  PAG1 Quencher 1  Water-repellent PGMEA(2,000)
Resist 1 (100) (5.0) (2.00) polymer 1 (3)  CyH(500)
Comparative Reference Polymer2  PAG1 Quencher 1  Water-repellent PGMEA(2,000)
Resist 2 (100) (5.0) (2.00) polymer 1 (3)  CyH(500)
Comparative Reference Polymer3  PAG1 Quencher 1  Water-repellent PGMEA(2,000)
Resist 3 (100) (5.0) (2.00) polymer 1 (3)  CyH(500)
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Examples and Comparative Examples

ArF Lithography Patterning Test

132

Itis evident that the resist compositions within the scope of
the invention form patterns having dimensional uniformity
and a perpendicular profile after organic solvent develop-
ment.

On a substrate (silicon wafer), a spin-on carbon film ODL- 5 Etch Res;s.tance Test . .
50 (Shin-Ftsu Chemical Co.. Ltd.) havi b £ On a silicon wafer which had been surface treated in hex-
(Shin-Etsu emlc.a 0., Lt '). aving a carbon content o amethyldisilazane (HMDS) gas phase at 90° C. for 60 sec-
80 wt % was deposited to a thickness of 200 nm and a  onds, each of the resist solutions in Table 3 was spin-coated
silicon-containing spin-on hard mask SHB-A940 having a and baked (PAB) on a hot plate at 100° C. for 60 seconds,
silicon content of 43 wt % was deposited thereon to a thick- 10 forming a resist film of 100 nm ﬂ}iCk Using an ArF excimer
ness of 35 nm. On this substrate for trilayer process, the resist lase.:r scanner (NSR-307E by N11.<0n Corp., NA 0.85), the
tion in Table 1 . 4. then baked h entire surface of the wafer was subjected to open-frame expo-
composition in lable 1 was spin coated, t e.:n ed on ahot sure. The exposure was in a dose of 50 mJ/cm? so that the PAG
plate at 100° C. for 60 seconds to form aresist film of100nm  mjght generate sufficient acid to induce deprotection reac-
thick. 15 tion. This was followed by bake (PEB) at 120° C. for 60
Using an ArF excimer laserimmersion lithography scanner seconds for converting the base resin in the resist film to the
NSR-610C (Nikon Corp., NA 1.30, 50.98/0.78, cross-pole deprotected state. The portion where the. bas.e resin is depro-
ine 20 d imuthall larized illuminati tected corresponds to the insoluble region in negative tone
opening 8- aZlmut a y polarized illumination), expo- development. A reduction of resist film thickness by exposure
sure was performed in a varying dose through a 6% halftone o and PEB was determined and divided by the initial film thick-
phase shift mask bearing a lattice-like pattern with a pitch of ness, with the result being reported as PEB shrinkage (%).
90 nm and a line width of 30 nm (on-wafer size). After the Further, the resist film was developed for 30 seconds using
exposure, the wafer was baked (PEB) at the temperature butyl acetate as developer. The thlc@ess gf the resist film
h in Table 2 for 60 ds and develoned. Specificall after development was measured. A dissolution rate (nm/sec)
shown i lable or seconds and developed. specilica .y’ 25 was computed from a difference between the film thickness
butyl acetate was injected from a development nozzle while after PEB and the film thickness after development.
the wafer was spun at 30 rpm for 3 seconds, which was The results are shown in Table 3.
followed by stationary puddle development for 27 seconds.
The wafer was rinsed with diisoamyl ether, spin dried, and . TABLE3
baked at 100° C. for 20 seconds to evaporate off the rinse PER PEB Dissolution
liquid, yielding a negative pattern. , temp.  shrinkage rate
K Resist °C) (%) (nm/sec)
A hole pattern resulted from image reversal by solvent
. . Example 2-1 Resist 1 90 12 0.12
development. By observation under a top-down scanning 35 Resists %0 14 013
electron microscope (TDSEM) CG-4000 (Hitachi High- = 2-3 Resist11 90 12 0.13
Technologies Corp.), the size of 50 holes was measured, from gompamtwe 21 Comparative 93 2 0.35
xample Resist 3
which a size variation 30 was determined. The cross-sec-
tlgnal profile of the hol.e patFerI.l was observ ed.under electron A lower PEB shrinkage or lower dissolution rate is prefer-
microscope S-4300 (Hitachi High-Technologies Corp.). The 4 aple in that a film thickness necessary for dry etching is
results are shown in Table 2. retained, or the initial film thickness can be reduced, which is
TABLE 2
Hole
size
PEB variation
temp. Dose Pattern 30
Resist (°C.) (mlem?) Developer profile (nm)
Example 1-1 Resist 1 90 28 n-butyl acetate perpendicular 2.6
1-2  Resist2 90 27 n-butyl acetate perpendicular 2.6
1-3  Resist3 90 27 n-butyl acetate perpendicular 2.3
1-4  Resist4 90 27 n-butyl acetate perpendicular 2.5
1-5  Resist5 90 26 n-butyl acetate perpendicular 2.5
1-6  Resist 6 90 27 n-butyl acetate perpendicular 2.4
1-7  Resist7 90 29 n-butyl acetate perpendicular 2.3
1-8  Resist 8 95 26 n-butyl acetate perpendicular 2.4
1-9  Resist9 85 23 n-butyl acetate perpendicular 2.5
1-10  Resist 10 95 28 n-butyl acetate perpendicular 2.6
1-11  Resist11 85 27 n-butyl acetate perpendicular 2.7
1-12  Resist3 90 29 2-heptanone perpendicular 2.5
1-13  Resist3 90 31 methyl benzoate  perpendicular 2.4
1-14  Resist3 90 33 ethyl benzoate perpendicular 2.5
Comparative 1-1 Comparative 90 38 n-butyl acetate inversely 57
Example Resist 1 tapered
1-2  Comparative 90 39 n-butyl acetate inversely 4.9
Resist 2 tapered
1-3  Comparative 95 39 n-butyl acetate inversely 3.6
Resist 3 tapered
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advantageous in terms of resolution. It is evident from Table
3 that the resist compositions within the scope of the invention
show a low PEB shrinkage and low dissolution rate.

EB Lithography Patterning Test

Using a coater/developer system Clean Track Mark 5 (To-
kyo Electron Ltd.), the resist composition of Table 4 was spin
coated onto a silicon substrate (diameter 6 inches, vapor
primed with hexamethyldisilazane (HMDS)) and pre-baked
ona hotplateat 110° C. for 60 seconds to form a resist film of
100 nm thick. Using a system HL-800D (Hitachi [.td.) at a
HYV voltage of 50 kV, the resist film was exposed imagewise
to EB in a vacuum chamber.

Using Clean Track Mark 5, immediately after the image-
wise exposure, the resist film was baked (PEB) on a hot plate
atthe temperature shown in Table 4 for 60 seconds and puddle
developed in the developer shown in Table 4 for 30 seconds.
The substrate was rinsed with diisoamy! ether, spin dried, and
baked at 100° C. for 20 seconds to evaporate off the rinse
liquid, yielding a negative pattern.

Sensitivity is the exposure dose (uC/cm?) that provides a
1:1 resolution ofa 100-nm line-and-space pattern. Resolution
is a minimum size at the exposure dose. The 100-nm L/S
pattern was measured for line width roughness (LWR) under
SEM. The results are shown in Table 4.

TABLE 4
Sensi:
PEB tivity
temp. (nC/ LWR
Resist (° C.) Developer cem?)  (nm)
Example 3-1 Resist 6 90 n-butyl acetate 59 4.8
3-2 Resist 6 90 methyl benzoate 61 4.8
3-3 Resist 6 90 ethyl benzoate 63 5.0
Comparative  3-1 Compar- 95 n-butyl acetate 58 8.5
Example ative
Resist 3

While the invention has been described with reference to a
preferred embodiment, it will be understood by those skilled
in the art that various changes may be made and equivalents
may be substituted for elements thereof without departing
from the scope of the invention. Therefore, it is intended that
the invention not be limited to the particular embodiment
disclosed as the best mode contemplated for carrying out this
invention, but that the invention will include all embodiments
falling within the scope of the appended claims.

Japanese Patent Application No. 2013-005982 is incorpo-
rated herein by reference.

Although some preferred embodiments have been
described, many modifications and variations may be made
thereto in light of the above teachings. It is therefore to be
understood that the invention may be practiced otherwise
than as specifically described without departing from the
scope of the appended claims.

The invention claimed is:

1. A pattern forming process comprising the steps of apply-
ing a resist composition comprising a polymer adapted to
form a lactone ring under the action of an acid so that the
polymer may reduce its solubility in an organic solvent, an
optional acid generator, and an organic solvent onto a sub-
strate, prebaking the composition to form a resist film, expos-
ing the resist film to high-energy radiation, baking, and devel-
oping the exposed film in an organic solvent-based developer
to form a negative pattern wherein the unexposed region of
resist film is dissolved away and the exposed region of resist
film is not dissolved,
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said polymer comprising recurring units (al) of the general
formula (1):
- ol M
( Jal
H (6]
(6]
OR?
R0
RO
6]

wherein R’ is hydrogen or methyl, R* is hydrogen or a
straight, branched or cyclic monovalent hydrocarbon group
of'1 to 20 carbon atoms in which a constituent —CH,— may
be substituted by —O— or —C(—0)—, R? is an acid labile
group, R* is hydrogen or a straight, branched or cyclic
monovalent hydrocarbon group of 1 to 20 carbon atoms in
which a constituent —CH,— may be substituted by —O—or
—C(—0)—, and al is a number in the range: 0<al<1.0.

2. The process of claim 1 wherein said polymer further
comprises at least one recurring unit selected from the group
consisting of a recurring unit (a2) of the general formula (2)
and recurring units (b1) to (b4) represented by the general
formula (3):

@
RIO

s

x3 0

ORI 1

wherein R'° is hydrogen or methyl, R'* is an acid labile
group different from the acid labile group R? in formula
(1), X? is a single bond, phenylene, naphthylene, or
—C(=0)—0—R">—, R"? is a straight, branched or
cyclic C,-C,, alkylene group which may have an ether
moiety, ester moiety, lactone ring or hydroxyl moiety, or
phenylene or naphthylene group, and 0=<a2<1.0,

&)

Rl3
b3
b1 RI6
b2
O 0] n
I N ORY
R 18 21
R R
S OR'),
Rl9 RZO
b4
RZZ
R23
RZS
R24

wherein R'? and R'¢ each are hydrogen or methyl, R'*is a
straight, branched or cyclic, di- to pentavalent aliphatic
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hydrocarbon group of 1 to 16 carbon atoms which may
have an ether or ester moiety, R*®> and R*” each are an
acid labile group, R'® to R*! and R** to R** are each
independently hydrogen, cyano, a straight, branched or
cyclic C,-C; alkyl group, alkoxycarbonyl, or a group
having an ether moiety or lactone ring, at least one of R*®
to R* and R*? to R*® has a hydroxyl group substituted
with an acid labile group, m is an integer of 1 to 4, n is 0
or 1, bl, b2, b3 and b4 are numbers in the range:
0<b1<1.0, 0=b2<1.0, 0=<b3<1.0, 0<b4<1.0, O<bl+b2+
b3+b4<1.0, and O<a2+b1+b2+b3+b4<1.0.

3. The process of claim 1 wherein said polymer further
comprises recurring units derived from a monomer having an
adhesive group selected from the group consisting of
hydroxyl, cyano, carbonyl, ester, ether, lactone ring, car-
boxyl, carboxylic anhydride, sulfonic acid ester, disulfone,
and carbonate.

4. The process of claim 1 wherein said polymer further
comprises recurring units (d1), (d2) or (d3) represented by the
following general formula:

(d1)
RO20

RO2
ROZ— E/I_ RO
(d2)

R024

a2

(@] @]
)\ NoZy
FiC c”
13

ROZS

ROZS
gr— R026

RO
(d3)

a3

Z] R029

SO;  §'—R%®0

R031

wherein R%?°, R°**, and R°?® each are hydrogen or methyl;
R%! is a single bond, phenylene, —O—R%**— or
—C(=0)—Y—R"*>—, wherein Y is oxygen or NH
and R%*? is a straight, branched or cyclic C,-C alkylene
group, alkenylene group or phenylene group, which may
contain a carbonyl (—CO—), ester (—COO—), ether
(—O—), or hydroxyl moiety; R%*?, R%%*, R%*>, R°?¢,
R%7, R, R**°, and R®! are each independently a
straight, branched or cyclic C,-C,, alkyl group which
may contain a carbonyl, ester or ether moiety, a C4-C,,
aryl group, a C,-C,, aralkyl group, or a thiophenyl
group; Z' is a single bond, methylene, ethylene, phe-
nylene, fluorinated phenylene, —O—R%*>— or
—C(=0)—Z>—R°>— wherein Z* is oxygen or NH,
and R%*? is a straight, branched or cyclic C,-C, alkylene
group, alkenylene group or phenylene group, which may
contain a carbonyl, ester, ether or hydroxyl moiety; M~
is a non-nucleophilic counter ion; 0=d1=0.3, 0=d2<0.3,
0=d3=<0.3, 0<d1+d2+d3=<0.3.
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5. The process of claim 1 wherein the developer comprises
atleast one organic solvent selected from the group consisting
of 2-octanone, 2-nonanone, 2-heptanone, 3-heptanone,
4-heptanone, 2-hexanone, 3-hexanone, diisobutyl ketone,
methylcyclohexanone, acetophenone, methylacetophenone,
propyl acetate, butyl acetate, isobutyl acetate, amyl acetate,
isoamyl acetate, butenyl acetate, propyl formate, butyl for-
mate, isobutyl formate, amyl formate, isoamyl formate,
methyl valerate, methyl pentenoate, methyl crotonate, ethyl
crotonate, methyl propionate, ethyl propionate, ethyl
3-ethoxypropionate, methyl lactate, ethyl lactate, propyl lac-
tate, butyl lactate, isobutyl lactate, amy] lactate, isoamyl lac-
tate, methyl 2-hydroxyisobutyrate, ethyl 2-hydroxyisobu-
tyrate, methyl benzoate, ethyl benzoate, phenyl acetate,
benzyl acetate, methyl phenylacetate, benzyl formate, phe-
nylethyl formate, methyl 3-phenylpropionate, benzyl propi-
onate, ethyl phenylacetate, and 2-phenylethyl acetate.

6. The process of claim 1 wherein the step of exposing the
resist film to high-energy radiation includes KrF excimer
laser lithography of 248 nm wavelength, ArF excimer laser
lithography of 193 nm wavelength, EUV lithography of 13.5
nm wavelength or EB lithography.

7. The process of claim 1 comprising the steps of applying
a resist composition comprising a polymer comprising recur-
ring units of formula (1), an optional acid generator, and an
organic solvent onto a substrate, prebaking the composition
to form a resist film, forming a protective film thereon, expos-
ing the resist film to high-energy radiation, baking, and devel-
oping the exposed film in an organic solvent-based developer
to form a negative pattern wherein the unexposed region of
resist film and the protective film are dissolved away and the
exposed region of resist film is not dissolved.

8. A negative pattern-forming resist composition compris-
ing a polymer and an organic solvent,

said polymer comprising recurring units (al) of the general

formula (1):

M

H R!
( )al
H 0
0
OR?
R0
R*O
0

wherein R' is hydrogen or methyl, R? is hydrogen or a
straight, branched or cyclic monovalent hydrocarbon group
of' 1 to 20 carbon atoms in which a constituent —CH,— may
be substituted by —O— or —C(=0)—, R? is an acid labile
group, R* is hydrogen or a straight, branched or cyclic
monovalent hydrocarbon group of 1 to 20 carbon atoms in
which a constituent —CH,— may be substituted by —O—or
—C(—0)—, and al is a number in the range: 0<al<1.0, and
said polymer being dissolvable in a developer selected
from the group consisting of 2-octanone, 2-nonanone,
2-heptanone, 3-heptanone, 4-heptanone, 2-hexanone,
3-hexanone, diisobutyl ketone, methylcyclohexanone,
acetophenone, methylacetophenone, propyl acetate,
butyl acetate, isobutyl acetate, amyl acetate, isoamyl
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acetate, butenyl acetate, propyl formate, butyl formate,
isobutyl formate, amyl formate, isoamyl formate,
methyl valerate, methyl pentenoate, methyl crotonate,
ethyl crotonate, methyl propionate, ethyl propionate,
ethyl 3-ethoxypropionate, methyl lactate, ethyl lactate,
propyl lactate, butyl lactate, isobutyl lactate, amyl lac-
tate, isoamyl lactate, methyl 2-hydroxyisobutyrate,
ethyl 2-hydroxyisobutyrate, methyl benzoate, ethyl ben-
zoate, phenyl acetate, benzyl acetate, methyl phenylac-
etate, benzyl formate, phenylethyl formate, methyl
3-phenylpropionate, benzyl propionate, ethyl phenylac-
etate, and 2-phenylethyl acetate.

9. The resist composition of claim 8 wherein said polymer
further comprises at least one recurring unit selected from the
group consisting of a recurring unit (a2) of the general for-
mula (2) and recurring units (b1) to (b4) represented by the
general formula (3):

@

ORll

wherein R'° is hydrogen or methyl, R'* is an acid labile
group different from the acid labile group R? in formula
(1), X is a single bond, phenylene, naphthylene, or
—C(=0)—0—R'">—, R'? is a straight, branched or
cyclic C,-C,, alkylene group which may have an ether
moiety, ester moiety, lactone ring or hydroxyl moiety, or
phenylene or naphthylene group, and 0=<a2<1.0,

(©)

Rl3
b3
) R16
b2
O O n
I N ORV
R 18 21
(or),, R h
R19 RZO
b4
RZZ
R23
RZS
R24

wherein R'® and R'® each are hydrogen or methyl, R"*is a
straight, branched or cyclic, di- to pentavalent aliphatic
hydrocarbon group of 1 to 16 carbon atoms which may
have an ether or ester moiety, R'> and R'” each are an
acid labile group, R*® to R*! and R** to R*® are each
independently hydrogen, cyano, a straight, branched or
cyclic C,-C; alkyl group, alkoxycarbonyl, or a group
having an ether moiety or lactone ring, at least one of R*®
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to R*' and R?? to R*® has a hydroxyl group substituted
with an acid labile group, m is an integer of 1 to 4, nis 0
or 1, bl, b2, b3 and b4 are numbers in the range:
0<b1<1.0, 0=<b2<1.0, 0=<b3<1.0, 0=<b4<1.0, O<bl+b2+
b3+b4<1.0, and O<a2+b1+b2+b3+b4<1.0.

10. The resist composition of claim 8 wherein said polymer
further comprises recurring units derived from a monomer
having an adhesive group selected from the group consisting
of hydroxyl, cyano, carbonyl, ester, ether, lactone ring, car-
boxyl, carboxylic anhydride, sulfonic acid ester, disulfone,
and carbonate.

11. The resist composition of claim 8 wherein said polymer
further comprises recurring units (d1), (d2) or (d3) repre-
sented by the following general formula:

(d1)
RO20

ROZI
R022 —_ E/}r_ —_ R023

(d2)
RO

a2

ROZS

0 0 i
)\ SOy S —R06
FiC o [
F

R027

(d3)
RO28

S+_R030

R031

wherein R%%°, R°**, and R°*® each are hydrogen or methyl;
R%*! is a single bond, phenylene, —O—R°**—, or
—C(=0)—Y—R"*—, wherein Y is oxygen or NH
and R%*? is a straight, branched or cyclic C,-Cy alkylene
group, alkenylene group or phenylene group, which may
contain a carbonyl (—CO—), ester (—COO—), ether
(—O—), or hydroxyl moiety; R%*?, R%%*, R%*>, R°?S,
R%7, R%?°, R®° and R®" are each independently a
straight, branched or cyclic C,-C,, alkyl group which
may contain a carbonyl, ester or ether moiety, a C4,-C,,
aryl group, a C,-C,, aralkyl group, or a thiophenyl
group; Z' is a single bond, methylene, ethylene, phe-
nylene, fluorinated phenylene, —O—R%*>— or
—C(=0)—Z>—R*>—, wherein Z* is oxygen or NH,
and R%? s a straight, branched or cyclic C,-Cy alkylene
group, alkenylene group or phenylene group, which may
contain a carbonyl, ester, ether or hydroxyl moiety; M~
is a non-nucleophilic counter ion; 0=d1=0.3, 0=d2<0.3,
0=d3=<0.3, 0<d1+d2+d3=0.3.
12. A polymer comprising recurring units (al) of the gen-
eral formula (1) and having a weight average molecular
weight of 1,000 to 100,000,
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" N M
( )al

H 0

0
OR?

R0

R*O

0

wherein R' is hydrogen or methyl, R? is hydrogen or a
straight, branched or cyclic monovalent hydrocarbon
group of 1 to 20 carbon atoms in which a constituent
—CH,— may be substituted by —O— or —C(—0)—,
R? is an acid labile group, R* is hydrogen or a straight,
branched or cyclic monovalent hydrocarbon group of 1
to 20 carbon atoms in which a constituent —CH,— may
be substituted by —O— or —C(—O)—, and al is a
number in the range: 0<al<1.0.
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13. A monomer having the general formula (1a):

(1a)
Rl

OR?
R?°0
R*0
0

wherein R' is hydrogen or methyl, R? is hydrogen or a
straight, branched or cyclic monovalent hydrocarbon
group of 1 to 20 carbon atoms in which a constituent
—CH,— may be substituted by —O— or —C(—0)—,
R? is an acid labile group, R* is hydrogen or a straight,
branched or cyclic monovalent hydrocarbon group of 1
to 20 carbon atoms in which a constituent —CH,— may
be substituted by —O— or —C(—0)—.

#* #* #* #* #*



